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Abstract

This is the text prepared for a minicourse held at Ghent University

(Belgium) on January 8-10, 2020, on the topic of Rothschild-Stein lift-
ing and approximation theorem, originally contained in [44]. Besides the
original papers where the results discussed here were achieved, which will

be quoted in the following, this presentation is based on material taken
from [11] and [13].
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In these lessons I will address the topic of Rothschild-Stein’s “lifting and
approximation” theorem. This is an important result contained in the famous
paper [44], 1976, by Linda Rothschild and Elias Stein on Acta Mathematica. In
that deep paper, lifting and approximation are just one of the techniques used
to solve a major problem, related to the proof of “natural” a priori estimates for
Hormander operators. Therefore, an introduction to the lifting theorem should
begin with some background about Hérmander operators, and a summary of
the main researches that were carried out in the decade spanning from the
cornerstone 1967 paper [33] by Lars Hormander until Rothschild-Stein’s paper.
This is the content of lesson 1. In lesson 2 I will give a general overview,
without proofs, of Rothschild-Stein’s paper, dealing not only with the lifting
and approximation result, but also with the scope for which this was originally
designed. In lesson 3 I will discuss some further developments of the theory of
Hormander operators which are somehow related to lifting and approximation
techniques: both direct applications of Rothschild-Stein’s results, and extensions
of that result, motivated by some further researches. This exposition will not be
exhaustive of the subject: I will just choose some topics, reflecting my research
interests. Finally, in lesson 4, I will describe the general strategy and some steps
of the proof of the lifting theorem, following the alternative approach given by
Hormander-Melin in [34], 1978.

Besides the original papers where the results discussed here were achieved,
which will be quoted in the following, this presentation is based on much material
taken from [11] and [13].

Acknowledgements. I wish to thank Michael Ruzhansky for his kind invi-
tation to Ghent University and all the people of Ghent Analysis & PDE group for
their keen attention, stimulating conversations, warm hospitality, and delicious
cakes.

1 Context and prerequisites

1.1 Ho6rmander operators

Hormander operators are an important class of linear elliptic-parabolic degen-
erate partial differential operators with smooth coefficients, which have been
intensively studied since the late 1960’s and are still an active field of research.



To give a brief introduction to this context, let us start recalling the definition
of hypoelliptic operator.

Definition 1.1 A differential operator L with C* (Q) coefficients (Q open
subset of R™) is said hypoelliptic in 0 if, for any open set Q' C Q and any
distribution u € D' ('), Lu € C* () = u € C= (V).

A famous result due to Hérmander, [33] 1967, provides an almost complete
characterization of second order hypoelliptic operators with real coefficients:

n n

Lu= Z a;j (x) agimju + Z b () Oz, u + ¢ (z) u

i,j=1 k=1

Hormander’s preliminary analysis consists in proving that every hypoelliptic
operator of this kind has necessarily semi-definite principal part. Now, a sec-
ond order differential operator with semi-definite principal part can be strongly
degenerate, and degenerate operators, in general, are not regularizing. For in-
stance, a solution of ;. = 0 in R? can be obviously discontinuous. In contrast
with this situation, already in 1934, Andrej Kolmogorov [38] exhibited an ex-
ample of operator of this type, namely

Lu = ugy — 2uy — ug in R3

which, despite its degeneracy, possesses a fundamental solution I' smooth out-
side the pole, this fact implying the hypoellipticity of L. The importance of
Hormander’s result consists in explaining the origin of these different behav-
iours. First, Hérmander proves that if L is any linear second order operator
with nonnegative characteristic form, then in any open set where the rank of
the matrix {a;; (z)} is constant, the operator (or its opposite) can be rewritten
in the form

q
L= X +Xo+c (1.1)

j=1
where Xo, X1, ..., X, are real smooth vector fields (that is, first order differential

operators):
Xj =Y bjk (x) Ou,
k=1

and ¢ is a smooth function. Given two vector fields X, Y, one can define their
commutator
[X,Y]=XY -YX,

which is still a vector field. Let us consider for instance Kolmogorov’ operator
in R3
Lu = gy — Uy — Uy :Xf—i—Xo
with
Xl = 87"
X() = —xE)y — 8t.



Note that
(X1, Xo] = —0,.

Hence, although the operator L is written in a way that involves only 2 indipen-
dent directions in R?® (and therefore is degenerate), we see that the missing
direction is in some sense recovered by the commutator: the three vector fields

X1 =0, X0 = —xay — 0; [leXo] = —3y~

span R3 at every point.

More generally, we can consider the vector space of all the vector fields on
some open set ) C R™. Defining the Lie bracket of any two vector fields X,Y
as

[X,)Y]=XY -YX,

this structure becomes a Lie algebra. Let us recall the standard definition of
this abstract structure:

Definition 1.2 A Lie algebra (over R) is a real vector space (g,+,-) endowed
with another internal operation, called Lie bracket,

[]:gxg—g
enjoying the following properties:
bilinearity:
AX +pY, Z] = NX, Z] + p[Y, Z]
anticommutativily:

(X, Y] =—[Y, X];
Jacobi identity:

X Y, 2+ [V, [Z, X))+ [Z,[X,Y]] = 0
for every X,Y, Z € g, \,u € R.

Given a family of vector fields Xy, X7, ..., X, we can consider the Lie (sub)algebra
generated by them, Lie (Xo, X7, ..., X,), that is, the smallest Lie algebra con-
taining Xo, X1, ..., X4. Roughly speaking, Lie (Xo, X1, ..., X,) consists in linear
combination of the vector fields Xo, X1,..., X, and their (iterated) commutators.

Evaluating the vector fields of this algebra at some point of 2 we find a
vector subspace of R™. Then:

Definition 1.3 We say that a system of (real, smooth) vector fields Xo, X1, ..., X4
defined in some open set Q) C R™ satisfies Hormander’s condition in € if the Lie
algebra generated by Xo, X1,..., X, span the whole R" at every point x € ):

dim {X, : X € Lie (X0, X1,..., X,)} =n Vz € Q.



We also say that Xo, X1, ..., X4 are a system of Hormander’s vector fields.

In this case, we say that Hérmander’s condition holds at step s (= 2,3, ...) if
s is the mazximum length of commutators required to satisfy the above condition
in €.

Hormander’s theorem then reads as follows:

Theorem 1.4 (Hoérmander, [33]) Let Xo, X1,...,X, be real smooth vector
fields in some open set Q@ C R", satisfying Hormander’s condition in ) and
let c € C* (). Then the operator

L=> X7+ Xo+c,

j=1
18 hypoelliptic in Q.

We will say that such L is a Hormander operator.

Conversely, if in an open set U C {2 the rank of the Lie algebra (that is, the
dimension of the vector space spanned by iterated commutators) is constant
and strictly less than n, then the operator £ is not hypoelliptic in U. Hence
Hormander’s condition is “almost necessary” for hypoellipticity.

For a discussion of some motivations to study operators of type (1.1), the
reader is referred for instance to [11, Chap. 2].

The vector field X is sometimes called drift. It is important to distinguish
between two situations:

(1). Xy is required to satisfy Hormander’s condition in 2, that is the set
Xi1,...,X, alone does not fulfill the condition. In this case the drift is essential
for hypoellipticity, like the time derivative is essential for the validity of the
good properties of the heat operators.

(2). The set X7, ..., X, fulfills Hsrmander’s condition. Then the vector field
X, if present, plays the role of a lower order term, and is not essential. In this
situation the prototype operator to be studied is

q
_ 2
L= X
=1
which is known as “sum of squares of Hérmander’s vector fields” or “sublapla-
3 ”
cian”.

Example 1.5 The simplest example of the situation (2) is the sublaplacian on
the Heisenberg group H':

L=X?4+Y?= (8, +2y9,)° + (8, — 220,)° (1.2)
defined in R3. Note that

Y = 0y - 2x8t
[X,Y] = —48,



span R3 at every point: we can say that X,Y satisfy Hormander’s condition at
step 2, and by Hormander’s theorem the operator L is hypoelliptic in R3.

Throughout these lessons we will concentrate on Hérmander operators of
the kind “sum of squares”, for the seak of simplicity. Actually, the study of
Hormander operators with drift poses substantially harder problems.

1.2 A priori estimates

A key point in the proof of Hérmander’s theorem [33], which has an independent
interest, and has been particularly stressed in the alternative proof given some
years later by Kohn [37] and independently by Oleinik-Radkevi¢ [43], consists in
establishing the so-called subelliptic estimates. These estimates can be proved
by techniques of pseudodifferntial operators, and involve the standard Sobolev
spaces H*® (R™) of fractional order, defined via Fourier transform: for every

s € R we let
full ey = ([ 13O (14162 ac)

The precise result reads as follows:

1/2

Theorem 1.6 (Subelliptic estimates) Let L be a Hormander operator. There
exists € € (0,1) such that for every couple of cutoff functions n,n’ € C§° (Q)
satisfying n < n' (that is, B’ =1 on suppn) and for every o,7 > 0, there exists
a constant C > 0, such that

Il e < C (0" Lull o + Il --)

whenever u € D' () is such that the right hand side of the above inequality is
finite.

Note that for every distribution u and cutoff function 7/, there exists some
7 > 0 such that ||7’u|| ;- is finite. Therefore the previous estimate implies that
if Lu is smooth also u is smooth. In the special case of a “sum of squares”
operator, one can take e = 1/s where s is step of Hérmander’s condition. In the
elliptic case, we would have s = 1 = ¢, whence the term “subelliptic estimates”,
since here in general ¢ < 1.

For a survey on and a soft introduction to the proof of Hérmander theorem
and subelliptic estimates, see [12].

Subelliptic estimates open a natural problem. We are able to bound just a
fractional derivative of u in terms of Lu, even though the operator L is highly
regularizing. This is somehow unsatisfactory. To put it into another way: we
know that Lu € C* () implies u € C* () but if Lu has some partial regu-
larity, for instance Lu € H"*?2 for some (but not for all) k, or if Lu € LP ()
for some p # 2, subelliptic estimates do not allow us to deduce the natural gain
of regularity of u. The point is that we are trying to bound the usual, “Carte-
sian” derivatives for an operator which is highly anisotropic: we can expect L



to control the specific directions given by the vector fields X;. So perhaps the
situation could be better if we tried to bound the derivatives X;u and X;X;u.
But this requires a completely different approach: the techniques of pseudodif-
ferential operators used to get subelliptic estimates are shaped on fractional
but isotropic derivatives; moreover, they privilege L? bounds with respect to
LP bounds for other p’s; also, if one tries to get a bound on the derivatives with
respect to the vector fields, the Hilbert space technique will offer an estimate
on first order derivatives, like in the following “energy estimate” that we can
prove for the sublaplacian on H! (see Example 1.5):

/Lu~u

Instead, if one wants to prove an L? bound on X;X;u (and Xou, if the drift is
present) in terms of Lu and u, then one should mimic the techniques used to
prove LP estimates for strong solutions to nonvariational elliptic equations. This
involves the use of representation formulas by means of fundamental solutions,
and the application of singular integral estimates (Calderén-Zygmund theory).
This program has been actually carried out, for Hérmander operators, in three
famous, outstanding papers of the mid-seventies:

1974, Folland-Stein, Comm. Pure Appl. Math., [31]

1975, Folland, Arkiv fiir Mat., [27]

1976, Rothschild-Stein, Acta Math., [44]

In these papers a priori estimates of the kind

1 Xu|? + [[Yu|? < <N Lal| - flul) S I Lull® + Julf.

1 X Xull, + [ Xoull, S IZull, + [lull, for 1 < p < oo

have been proved, at increasing levels of generality. Namely:

Step 1: 1974, Folland-Stein: the Kohn-Laplacian on Heisenberg groups (part
I) and on nondegenerate CR manifolds (part II);

Step 2: 1975, Folland: sublaplacians on homogeneous groups;

Step 3: 1976, Rothschild-Stein: general Hérmander operators.

These papers introduced a number of fundamental ideas which, still now,
represent some of the basic tools which are necessary to do research in this field.

We want to stress the fact that each further step does not make the previous
ones “useless”. Namely: the results of Step 3 extend those of Step 2, but are
also based on them; the main result of part I of Step 1 is in some sense properly
contained in Step 2; however, part II of Step 1 is not contained in Step 2; it
consists in an extension of the results of Part I to a more general situation, and
that way of reasoning can be considered as the seed of the ideas used in Step 3
to extend Step 2.

I suggest to the interested reader the survey paper [29] by Folland, 1977,
which contains a good introduction to these three papers.

1.3 Carnot groups

Let us start recalling some basic definitions and facts about Carnot groups. For
this material and for the proofs of some facts we refer to the original paper [27]



or to Stein’s book [46, Chap.XIII, §5]; a much wider presentation of this theory
can be found in the monograph by Bonfiglioli, Lanconelli, Uguzzoni [5]; this
last book is particularly suggested to find a good wealth of explicit examples
of homogeneous groups and corresponding sublaplacians, with computations
carried out in detail.

A homogeneous group (in RY) is a Lie group (]RN, O) (where the group oper-
ation o will be thought as a “translation”, and 0 is the identity group) endowed
with a one parameter family {Dy},., of group automorphisms (“dilations”)
which act this way:

D)\ (.131,.%‘2, ...,ZCN) = ()\alibl, )\QQZ‘Q, ceey )\QN.’L‘N) (13)

for suitable integers 1 = a1 < as < ... < ay. We will write G = (RN7 o, DA) to
denote this structure. The number

N
Q= zai
i=1

will be called homogeneous dimension of G. Under the change of coordinates
x = D) (y) the volume element transforms according to

dz = \9dy (1.4)

which justifies the name of homogeneous dimension for (). Note that we always
have Q > N, and QQ = N only if the dilations are the Euclidean ones.

In a homogeneous group the volume element is also invariant with respect to
left translation, right translation, and inversion. Moreover, it is always possible
to choose a system of coordinates in G such that v ~! = —u.

Example 1.7 The Heisenberg group H™ in R2"+1. Writing the points of R?"+!
as
(.’,E, Y, t) = (mlv L2y eees Ty Y15, Y25 -o5 Yny t) € R2n+1

we can express the group law of H™ as:
(z,y,t)o (', ') =(x+ 2, y+y,t+t'+2(@y- -2’ —z-9))
and the dilations as
D (N) (z,y,t) = (Az, Ay, A*t) .
The set R?" 1 with this group law is called the Heisenberg group H™.

A homogeneous norm on G (also called a gauge on G) is a continuous func-
tion
{1 = RY — [0, 400),
such that, for some constant ¢ > 0, for every z,y € RY,

(7) |z =0 <=2 =0

(@) || Dx (@) =Az]| YA>0
(i) ot < elal

(i) Nzoyl <c(lzll+lyl)-



We will always use the symbol ||-|] to denote a homogeneous norm, and the
symbol |-| to denote the Euclidean norm.

Concrete ways to define a homogeneous norm on G are for instance the
following:

1
ay

]| = pmax |z

N 1/Q
Q
]| = <Z Iwk“k> :
k=1

The following property can be proved quite easily, and can be helpful to
check that some explicit function is actually a homogeneous norm:

or

Proposition 1.8 Let
Il - RY — [0, +00),

be a continuous function satisfying conditions (i)-(ii) in the above definition.
Then it also satisfies (iii)-(iv). Moreover, the sets

Br={z eR" :||z|| < R}
are compact in the Euclidean sense.

We say that a smooth function f in RY \ {0} is Dx-homogeneous of degree
B € R (or simply “B-homogeneous”) if

f(Dx(2)=Nf(z) VYA>0,2ecRYV\{0}.

Given any differential operator P with smooth coefficients on RY, we say
that P is left invariant if for every =,y € R

P(Lyf)(x) = Ly (Pf (z))

for every smooth function f, where

Lyf(x)=f(yox).

Analogously one defines the notion of right invariant differential operator. Also,
P is S-homogeneous (for some § € R) if

P (f (Dx(2))) = X (Pf) (Dx (2))

for every smooth function f, A > 0 and € R¥.

Clearly, if P is a differential operator homogeneous of degree §; and f is a
homogeneous function of degree do, then P f is homogeneous of degree do — 6.
For example, xia%j is homogeneous of degree a;; — .

Within the Lie algebra of all the smooth vector fields on R we can consider
the Lie algebra g of left invariant vector fields over G. This Lie algebra is readily
seen to be finite dimensional. Namely, the canonical base of g consists in the



N vector fields X, Xo,..., Xy, where each X; is, by definition, the only left
invariant vector field that agrees with 0., at the origin.

We assume that for some integer ¢ < N the vector fields X1, Xs,..., X, are
1-homogeneous and the Lie algebra generated by them is g. If s is the maximum
length of commutators

[Xil, [Xiza vy [XZ‘571,X1‘5”] , ij € {1,27,q}

required to span g, then we will say that g is a stratified Lie algebra of step s,
G is a Carnot group (or a stratified homogeneous group) and the generators
X1, Xo, ..., X, satisfy Hormander’s condition at step s in RY.

Under these assumptions, let us denote by

q
L=) X;
j=1

the canonical sublaplacian on G. This operator is left invariant, 2-homogeneous
(with respect to the dilations on G) and, by Hérmander’s theorem, hypoelliptic
in RV,

For homogeneity reasons, the vector fields X; have a triangular structure

N
Xj = (9@7. + Z bk (1'1,...,1']')83%, j = 1,2, ,N
k=j+1

with by homogeneous polynomials, which in particular implies that, for every
¢eCh (RN), ueC! (RN), one has

[ xwo==[ uxe.

In other words, for the adjoint X7 we simply have
X =-X;j=12,..,N
and in particular
LY=L

Example 1.9 On the Heisenberg group H" (see Example 1.7) the standard no-
tation for the gemerators is:

Xj = 8$j + Qyjat
Y; =9y, — 2z;0,.
Note that
[X;,Y;] = —40;

VER]
for every 7 =1,2,...,n. The sublaplacian is

L=Y (X+Y})
j=1

and generalizes the operator in Example 1.5.

10



We will make use of the Sobolev spaces W)k(’p (G) induced by the system of
vector fields
X ={X1,Xo,...,X,}.

More precisely, given an open subset  of RN, we say that f € W)l(p Q) 1<p<g
o0) if f € LP () and there exist, in weak sense, X; f € L (Q) for j =1,2,...,q.
Inductively, we say that f € WP (Q) for k = 2,3,... if f € WE "7 (Q) and any
weak derivative of order k — 1 of f, X;, Xj,...X;,_, f, belongs to Wy (Q). We
set

k
Hf”W;*p(Q) = Hf”LP(Q) + Z Z HXhij“'thf”Lp(Q) :

h=1j;=1,2,...,q

The convolution of two functions in G is defined as

(f*9)(z) = / flaoy™)gly)dy = / 9y~ o) fly) dy, (1.5)
RN RN
for every couple of functions for which the above integrals make sense. Note
that this convolution is not commutative. If P is any left invariant differential
operator,

P(fxg)=fx*Pg (1.6)

(provided the integrals converge). Note that, differently from the Euclidean case,
we cannot interchangeably take the differential operator P on f or g. Observe
that, like P is left invariant with respect to translation, (1.6) says that it is left
invariant with respect to convolution. (Actually, to remember the positions of
the variables in definition (1.5), one can think that it is given this way just in
order for (1.6) to be true).

1.4 Sublaplacians on Carnot groups and their fundamen-
tal solutions

Let us now sketch some of the main ideas contained in Folland’s famous paper
[27], 1975. A fundamental result proved in that paper is the following;:

Theorem 1.10 (Existence of a homogeneous fundamental solution) Let
L be a left invariant differential operator homogeneous of degree two on a homo-
geneous group G, such that L and L* are both hypoelliptic. Moreover, assume
Q > 3 (where Q is the homogeneous dimension of G). Then there is a unique
translation invariant fundamental solution T' (that is, T (z,y) = T (y~'ox))
such that:

(a) T € C (RN \ {0});

(b) T is homogeneous of degree (2 — Q) ;

(c) for every u € C§° (RY)

u(x) = /RN Ty ' ox)lu(y)dy =L . Ty toxyu(y)dy  (1.7)

11



(actually, the identities hold for every distribution w, provided we properly in-
terpret convolutions).

The result proved by Folland is actually more general: he assumes £ ho-
mogeneous of degree @ > 0 and @ > «. We will not be interested in the case
a # 2. Note that the restriction Q > 2 is irrelevant, since the only case it
excludes is that of elliptic equations in two variables with constant coefficients.
This theorem in particular applies to the sublaplacian on G (for which £ = £*
is hypoelliptic, left invariant and 2-homogeneous) and from now on, for the sake
of simplicity we will restrict to the case of sublaplacians. However, note that in
the statement of the theorem nothing is required about the explicit form of the
operator L.

Let us explicitly note the relevance of the information contained in the two
identities (1.7). Namely, saying that I is a fundamental solution for £ means
that

LT = ¢, which implies
LT+«T)=7xLl =7x0=r1.

However, due to the noncommutativity of the convolution on G, we cannot
write, in general L (f x g) = Lf =g, hence the identity L(7+I') = (L7)*T" is not
trivial, but is actually a further information which is supplied by the theorem,
which implies that we can represent any distribution 7 as 7 = (L7) = I'.

The proof of the above theorem is nonconstructive. First, applying some
deep abstract results from distribution theory, Folland shows the existence of a
“local fundamental solution”, smooth outside the pole by Hérmander’s hypoel-
lipticity theorem. Then, starting from this kernel and exploiting the dilations
on G and the homogeneity of £, he builds a new, globally defined, kernel which
also possesses the desired homogeneity. In the end, we do not have any idea of
the explicit form of this I'. However, its abstract properties are really enough
to make the theory work very well.

First of all, let us note that since I' is (2 — @)-homogeneous and Xy, ..., X,
are 1-homogeneous we have that

X;T'is (1 — Q)-homogeneous
X, X, is (—Q)-homogeneous
(for 4,5 = 1,2,...,q). In particular, T' and X;I" are locally integrable, while
X;X;T is not.
Secondly, since X1, ..., X, are left invariant, for every v € C§° (RN ), starting
with the representation formula (1.7) we can compute

Xu(@) = [ OG0 (" o)Luly)dy for j = 1.2,
RN
Now, if we try to compute another derivative, that is

XiXju(z) = X, - (X,T) (y~ " o) Lu (y) dy

12



for i,j5 =1,2,...,q, we can no longer take the derivative X; inside the integral,
since X;X;I' is not integrable. This is the point where the theory of singular
integrals cames in. Thanks to the homogeneity properties of I' and the rich
underlying structure of Carnot group, the following result can be proved:

Theorem 1.11 The singular kernel K (z) = X;X;T' (x) satisfies the following
properties:

(i)

|K (x)] < ﬁ for every x # 0;
x

(i)

K (zoy) - K(z)|+|K(yor) - K(z)| <c

whenever ||z|| > 2 ||y||;
(iii)
/ K@= [ K (e V) dz =0
Ri<|lz||<Rz Ri<||z||<R2

for any 0 < R; < Re < 0.

Moreover, for every i,j = 1,2,...,q there exists a constant c;; such that the
following representation formula holds, for any test function w:

X Xju(z) = lim X, X;T(y "t ox) (Lu) (y)dy + cijLu(z). (1.8)

e=0F Jjy—tox|>e

Inequalities (i)-(ii) are usually called the standard estimates of singular inte-
gral kernels, while (iii) is a strong and very useful form of vanishing property for
K. Thanks to (iii) the principal value integral appearing in (1.8) can be proved
to exist, even though the integral of X;X;I" is not absolutely convergent.

The statements contained in the above theorem are surprisingly similar to
the ones that can be proved, on the Euclidean group (RN , +) for the second
derivatives of the fundamental solution of the classical laplacian

W(QJ)ZW

(or any other constant coefficient elliptic operator). In that context, the theory
of singular integrals developed by Calderén-Zygmund already in the mid 1950’s
(see e.g. [21], [23], [22]), provided LP estimates of the kind

||ummj HLP(RN) <ec ||Au||Lp(RN) fori,j=1,2,...,N,1 <p< 0.
Now, despite the stiking analogy between the properties of 7, in the Euclid-

ean case, and the properties of X;X;I' in the case of Carnot groups, getting

13



analogous LP estimates on the second order derivatives X;X;u is by no means
a straightforward result. Instead, this result required the development of a sub-
stantial piece of abstract theory of singular integrals, extending the original ideas
of Calderén-Zygmund to more general contexts. This is actually another story,
that will not be told here. Let us just mention a couple of cornerstones in this
area, both dating 1971: the long paper [36] by Knapp-Stein, where the tools
necessary to get L? estimates for singular integrals in the special context of ho-
mogeneous groups were introduced, and the monograph [25] by Coifman-Weiss,
where the basic theory of singular integrals in spaces of homogeneous type was
introduced, allowing in particular to derive LP estimates from every p € (1, 00)
from L? estimates, once we know that the singular kernel satisfies the standard
estimates. By the way, let us recall the by now standard definition of space of
homogeneous type:

Definition 1.12 Let X be a set endowed with a quasidistance, that is a function
d: X xX —[0,400)
such that

dz,y)=0x=y
d(z,y) = d(y, )
d(z,y) < cld(z,2) + d(zy)]

for some constant ¢ > 1 and every x,y,z € X. The d-balls B (x,r) induce a
topology in X. Assume that the d-balls are open with respect to this topology.
Moreover, assume there exists on X a Borel measure u such that the doubling
condition holds:

0< p(B(z,2r) <cu(B(z,r)) < o0

for some constant ¢ > 0, every x € X and r > 0. Then (X,d,pn) is called a
space of homogeneous type.

Combininig the results in Thm 1.11 with the abstract theory of singular
integrals developed within the early 1970’s, Folland could prove the a priori
estimate

||Xinu‘|LP(RN) <c HLUHLP(]RN) for Za] = 1a27 - 4,

any test function u, 1 < p < oo, where L = >°7 | X? is a sublaplacian on a
Carnot group. With an extra effort, highly nontrivial in this noncommuting
context, one can also prove higher order regularity result of the following kind:

Theorem 1.13 (Local Sobolev regularity and solvability) Let L be the
sublaplacian on a Carnot group G of homogeneous dimension @ > 2, let Q
be a bounded domain in G, let Q' € Q" € Q and let k € N. Ifu is a distribution
in 0 such that Lu € WeP(Q) (1 < p < 00) then u € WEt>P (V') and

lllys oy < e {ILulyirn gy + oo } -
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Moreover, for every f € LP (Q) there exists u € W)zgﬁoc(Q) satisfying the equa-
tion Lu = f in Q (and therefore satisfying the above a priori estimate for k =0).

The following global result also holds:

Theorem 1.14 (Global Sobolev regularity) Under the above assumptions,
foreveryk € N and 1 < p < oo there exists a constant ¢ such that if u € LP (RN)

and Lu € W)k(’p (RN), then u € W)]C(JrZ’p (RN) and

||u||W§+2vP(RN) Sc (||LU||W§=P(RN) + ||uHLp(RN)) : (1.9)

The above results are proved in [27], although not exactly in this form and
with this language. A detailed proof of these results will be written in [13].

Folland’s paper [27], whose results have been just summarized, represents a
major advance with respect to the previous results contained in the first part
of the paper [31] by Folland-Stein, 1974, where similar results are obtained for
the sublaplacians on the Heisenberg groups H", exploiting the knowledge of an
explicit fundamental solution (which was known in that case). But, besides
the more general class of groups which is considered by Folland, the research
program which is clearly stated in [27] consists in thinking that the homoge-
neous group case could be the starting point to get similar results for general
Hormander operators, by approzimation:

“In the theory of elliptic operators the constant-coefficient op-
erators serve as a useful class of models for the general situation:
constant-coefficient operators are amenable to treatment by the tech-
niques of Euclidean harmonic analysis (Fourier transforms, convolu-
tion operators, etc.), and the results obtained thereby can usually
be extended to the variable-coefficient case by perturbation argu-
ments. Now, a constant-coefficient operator is nothing more than a
translation-invariant operator on the Abelian Lie group RY. From
this point of view, it is natural to attempt to construct a class of mod-
els for non-elliptic operators of the sort discussed above among the
translation-invariant operators on certain non-Abelian Lie groups.
The Lie algebras of the groups involved should have a structure
which reflects the behavior of the commutators in the original prob-
lem and the groups themselves should admit a “harmonic analysis”
which will produce results similar to those of the Euclidean case. A
particular case of this program, has been carried out in considerable
detail in Folland-Stein [30], [31], in which sharp L? and Lipschitz (or
Holder) estimates for the d; complex on the boundary of a complex
domain with nondegenerate Levi form are obtained by using certain
left-invariant operators on the Heisenberg group as models”.

Folland, [27]

This research program has been fully carried out by Rothschild-Stein, [44],
1976, and in doing so the “lifting and approximation” technique was devised.
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2 Rothschild-Stein’s 1976 paper

Let us discuss now some ideas contained in the famous paper by Rothschild-
Stein, 1976, Acta Math. [44], where the lifting theorem firstly appeared.

2.1 The problem, and how to approach it

Here the issue is to prove LP estimates on X; X;u of the same kind already proved
on homogeneous groups, for a general Hérmander operator, that is when an
underlying group structure is lacking. Let us recall two examples of Hérmander
operators which do not admit an underlying homogeneous group:

(i) The Grushin operator:

L=0;, +2%0,. (2.1)

Here the absence of an underlying group of translation is made evident by the
fact that at points (zo,y0) with z¢ # 0 the vector fields Xy = 0., X2 = 20,
are independent, while if zyp = 0 they are not. In contrast with this, if two left
invariant vector fields are independent at one point, they must be independent
everywhere. The reason is that if ¢ X7 + c2 X9 = 0 at some point, with ¢, ¢y
constants, then the vector field Y = c¢; X7 4+ 2 X5 is also left invariant and
vanishes at some point; this implies that it vanishes everywhere. (A left invariant
vector field is uniquely determined by its value at one point).

(ii) The Mumford operator (appearing in computer vision, in the study of
the “process of random direction”, see [41]):

0_2

Dag-
5 Yoo

L = 0 + cos 00, +sin 00, +
Here the absence of a family of dilations is made evident by the fact that the
coeflicients cos 6, sin § are not polynomials.
Now, what does it mean to approximate a general Hoérmander operator by
means of a 2-homogeneous left invariant one, according to Folland’s research
program quoted above? Let us give a simple example:

Example 2.1 The vector fields
X =0, +2y0Y =0, —2(e" — 1) 0

satisfy Hormander’s condition at step 2; the coefficients of Y are not polynomials
(hence cannot be left invariant with respect to any structure of homogeneous
group), but if we take the first order expansion near © =0, e* — 1 ~ x, we get
the vector fields

X =0, + 290y Y' =0, — 2x0,

which are 1-homogeneous and left invariant on the Heisenberg group H'. We
note that:

1) XY [X,Y’] are three independent vectors at any point, exactly like
X,Y,[X,Y]. In other words, Y and Y’ are indistinguishable from the point
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of view of the Lie algebra structure, up to the step which is required to check
Hérmander’s condition.
2) Moreover, near x = 0 we have

Y Y =-2("—1-2)d,.

The interesting property of this vector field is that, with respect to the homo-
geneities of the Heisenberg group (v has weight 1, t has weight 2), Y =Y is “ap-
proximately homogeneous of order 0 near x = 07, since —2 (e* — 1 —x) ~ —z?
and —x%0; is homogeneous of degree 0, while Y' is homogeneous of degree 1.
This implies that if T is, say, a (2 — Q)-homogeneous function, Y'T will be
(1 — @)-homogeneous, that is more singular than T, while (Y —=Y')T" will be
approximately (2 — Q)-homogeneous, that is as singular as T'. As we will see
later in more detail, this is the key point which makes this approximation use-

ful.

Generalizing the above example, the idea is to take the Taylor polynomials
of some fixed order, in a neighborhood of some point zq, of the coefficients
of the vector fields X; and to approximate each X; with the corresponding Y;
having polynomial coefficients. More precisely, if the original vector fields satisfy
Hormander’s condition at step s, this means that not more than s—1 derivatives
of the coefficients need to be computed when checking this condition, hence the
vector fields obtained replacing each coefficient with its Taylor polynomial of
degree s — 1 will satisfy the same relevant commutator relations. Actually, the
Lie algebras generated by the two sets of vector fields will be undistinguishable
up to step s.

Now, we would like that the polynomial vector fields Y; were 2-homogeneous
and left invariant with respect to some structure of homogeneous group. How-
ever we know that, on the one hand, the Lie algebras of the X;’s and the Y;’s
have the same structure up to step s, while, on the other hand, the Lie algebra
generated by a system of homogeneous left invariant vector field always pos-
sesses some special property: for instance, its structure must be the same at
any point. But this means that we cannot hope to approximate our original
system of vector fields with a “good” one unless our original system already
satisfies some additional algebraic condition which, in particular, makes its Lie
algebra “of constant structure”. We could express more precisely this condition
saying that for any choice of N vector fields, among X, Xy, ..., X, and their
commutators up to step s, if these vectors are independent at some point then
they must be independent at any point.

Now, Rothschild-Stein’s idea is to add extra variables to our original vector
fields, in order to fulfil this condition.

Example 2.2 Let us consider Grushin’s vector fields
X1 = 0y, X9 = x0y which “live” in R?
and generate a Lie algebra which has not the same structure at any point, because

X1, Xo are independent if and only if x # 0. Starting with these vector fields,
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we can build the new ones
)?1 = 8;5,5(2 = Xy + 0, = 20y + 0 which “live” in R3.

Note that )N(l,)}o, [)21,5(0} are independent at any point of R3. Their Lie al-

gebra is the same as that of the Heisenberg group H', and actually a smooth
change of variables in R3 can turn these vector fields into the “canonical form”
X' =0y +2y0p,Y' =0y —22'0p of H'. The vector fields X1, X2 satisfy the
desired condition, moreover they project onto the original X1, Xa, in the sense
that for any function f (x,y) which does not depend on the added t variable, we
have B _
Xif=Xufi Xof = Xaof.
This property should make easy to get the desired a priori estimates for X; X u

once we have proved analogous estimates for X;X;u in a higher dimensional
space.

We say that the vector fields X, Xo have been lifted to )?1,)?2. In the
above simple example, the lifted vector fields are already left invariant and
homogeneous. More generally one expects to build up a two-step process:

Example 2.3 Let us consider the operator
L =X} + X3 with
X; =0y, Xo = (" — 1) 9, in R2.

(The vector fields have the same structure than Grushin’s vector fields, but non-
polynomial coefficients). Then:
First step: we lift X1, X5 to

Xy =0y, Xo = (e — 1) 9y + 0; in R>.
Note that )?1, 5(:2, |:5(:1,5€2:| are independent at any point of R3.
Second step: we approzimate )21, )~(2 with
Y1 =0,,Ys =20y + 0
which are left invariant and 1-homogeneous in H* (up to a smooth change of
coordinates).

2.2 Lifting

It is time to reformulate the previous discussion giving a precise definition and
stating a theorem.

Definition 2.4 We say that a system of smooth vector fields Z1, Zs, ..., Zq is
free up to step s in a domain Q of RN if the Z;’s and their commutators up to
step s do not satisfy any linear relation other than those which hold automatically
as a consequence of antisymmetry of the Lie bracket and Jacobi identity.
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To put it into another way, Z1, Zs, ..., Z, are free up to step s if and only
if the only relations of linear dependence which we can write among them and
their commutators up to step s (at any point of Q), are those which can be
established without knowing the coefficients of the Z;’s.

If the vector fields satisfy Hormander’s condition at step s and are free up
to step s, then in particular their Lie algebra has “constant structure”. As we
will see with the examples, however, the converse may not be true.

Example 2.5 1. The “usual” vector fields X,Y on H' are free up to step 2:
X, Y, [X,Y]

are linearly independent, and there are not other commmutators to be considered,
up to step 2.
2. The Grushin vector fields

X =0.,Y =20,
are not free at step 2 because
Y =z[X,Y]

which is a nontrivial relation between a generator and a commutator of step 2.
In this case, as already noted, the choice of a natural basis of R? is different
from point to point.

3. The “usual” vector fields X1, Xo,Y1,Ys on H? (see Example 1.9) are not
free up to step 2, because

[X1,Y1] = —40, = [X>, Y]

and this is a montrivial relation between two commutators of step 2. Note that
in this case the Lie algebra actually has the same structure at any point.

We can now state the lifting theorem proved by Rothschild-Stein in [44]. To
simplify the language, we state it only for operators “sum of squares”.

Theorem 2.6 (Lifting, see [44, Thm. 4]) Let X3, ..., X, be vector fields sat-
isfying Hormander’s condition of step s at xo. (This clearly implies that such
property holds in a suitable neighborhood of xg). Then there exist an integer m
and vector fields X, defined in a neighborhood of (zo,0) € R™T™  of the form

m
X=X + Zukj (.T},tl,tg, ...,tj_l)atj
j=1

(k=1,...,q), where the uy;’s are polynomials, such that the )?k ’s are free up to
step s and satify Hormander’s condition at step s in this neighborhood. (Meaning
that the Xy and their commutators up to step s span R™"T™ ),

The proof of this theorem is long and very technical, and for the moment we
will not say anything about it. Instead, we shall explain the role of this result
in the general strategy to get LP estimates for general Hormander operators.
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2.3 Approximation with left invariant vector fields

Starting from a system of vector fields X1, X, ..., X, which satisfy Hérmander’s
condition at step s in a neighborhood of zg € R™, we have therefore built a new
family of “lifted” vector fields X1, X5, ..., X, which are free up to step s and still
satisfy Hormander’s condition at step s in a neighborhood of (zg,0) € R,
The second step of the theory consists in approximating these free vector fields
with homogeneous left invariant vector fields on a suitable homogeneous group.

To approach this problem, we start with some algebraic remarks. Disre-
garding the explicit form of the vector fields X} in cartesian coordinates, the
structure of their Lie algebra up to step s (that is, the number and type of
independent objects among the )N(k’s and their commutators up to step s) is
completely determined by the requirement of being free up to step s. This also
means that the dimension N = n 4+ m of the lifted space only depends on the
numbers ¢ and s.

Example 2.7 If g =2 and s = 3 we have to consider the following independent
vector fields:

Ko K [0, ][R0 [B1 ]| [ [ 205

Since these vector fields are 5, this means that N = 5. We actually don’t know
whether the higher order commutators, like

5[5 |55

vanish, or satisfy other nontrivial relations (this depends on the actual explicit
form of the vector fields in cartesian coordinates). However, up to step 3, their
algebra is determined by the numbers ¢ =2 and s = 3.

Now the idea is that the Lie algebra of homogeneous left invariant vector
fields Y) which (hopefully) approximate locally the X}’s can be defined ab-
stractly as the free Lie algebra of step s on q gemerators, which by definition
is the quotient of the free Lie algebra on ¢ generators with the ideal spanned
by the commutators of length at least s + 1. This means that the vector fields
Y, and their commutators up to step s satisfy exactly the same relations than
the X}’s, but moreover all their commutators of step > s vanish. The structure
of homogeneous group G in R¥ is, in turn, determined by that of the corre-
sponding Lie algebra. The vector fields X are defined in a neighborhood of
& = (z0,0) € RY; the vector fields Y}, are defined in the whole RY, and their
behavior near the origin will approximate the behavior of the X, near &o. This
means that the approximation between X}, and Y is realized in a suitable system
of coordinates. The precise approximation result proved by Rothschild-Stein is
the following:

Theorem 2.8 (Approximation, see [44, Thm. 5]) Assume X1, Xo,..., Xq,
are free up to step s and satisfy Hormander’s condition at step s in a neighbor-
hood of (x9,0) € R"*™ = RN, There exist a structure of homogeneous group G
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onRY, N = n+m, a family of homogeneous left invariant Hormander’s vector
fields Y1,Ys,...,Y, on G and, for any n in a neighborhood of (x¢,0), a smooth
diffeomorphism

§— 0, €3]

from a neighborhood of n onto a neighborhood of the origin in G, smoothly
depending on n, such that for any smooth function f: G — R,

Xi (£ (©,(:)) (&) = (Yaf + RIf) (©,(£)) (2.2)

(i =1,...,q) where the “remainder” R} is a smooth vector fields of local degree
< 0 and smoothly depends on the parameter 1.

The previous statement needs to be completed by the following

Definition 2.9 A differential operator P on G is said to have local degree less
than or equal to k if, after taking the Taylor expansion at 0 of its coefficients,
each term obtained is homogeneous of degree < k.

Also, the role of ©, (§) is better explained by the following

Theorem 2.10 Let
p&n) =10,

where ||-|| is a homogeneous norm on G. Then:

(i) is a quasidistance (see Definition 1.12);

(ii) p is locally equivalent to the control distance induced by the vector fields
% Ko Xy,

(iii) The relation between p and the Euclidean distance is expressed by

cle—n <pl&mn) <elé—n'*

where s is the step at which Hérmander’s condition holds.
(iv) Denoting the p-balls with the symbol B (£, R) we have

c1R? < |B(£,R)| < c;R?

for R small enough. The same holds for the balls corresponding to the control
distance induced by the vector fields X1, Xo, ..., Xq. By comparison, recall that
for the balls corresponding to the control distance of the vector fields Y1, ..., Y,
in G one has ezxactly

|By (u, R)| = cRY.

Remark 2.11 The simple behavior of the volume of metric balls Bg in this

case heavily depends on the fact that the vector fields X, are free. As we will
see, the geometry related to a general system of Hormander’s vector fields can
be much more involved. Note that in the original paper by Rothschild-Stein the
notion of control distance of a general system of vector fields is not present.
They just use the function p, the Euclidean distance, and the natural distance
on the group G, d(u,v) = Hv_l o uH .
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In order to better understand in which sense the vector field R in (2.2) can
be seen as a “small remainder”, let us consider the action of )?Z on a function
[ (0, (€)) when f is homogeneous of some negative degree —a on G and smooth
ouside the origin, as happens when f is Folland’s fundamental solution I' on G,
or a first-order derivative derivative Y;I'. In this case we have

Y:f (—a —1)-homogeneous, hence
c c

< - )
= 10, @I p(&m*™

while R f is not a homogeneous function, but nevertheless, since R has local
degree < 0,

Yif (8, (£))

|< C _ C
e I e )"

for & near n, that is: this term is less singular than Y; f.

B f (O (£))

The three theorems we have just stated (lifting; approximation; properties
of the map ©), together with some more properties of the map ©,, (§) proved
in [44] and which we will recall when appropriate, constitute a powerful tool,
known as “Rothschild-Stein’s lifting and approximation technique”, which has
proved to have further applications than the one for which it was originally
designed, and has actually been used by several authors, as we will illustrate
in §3. The general idea is that, thanks to this technique, the study of local
properties of a general Hérmander operator can sometimes be reduced to the
study of a homogeneous left invariant Hérmander operator, of the kind studied
by Folland in [27].

2.4 Parametrix and L? estimates

Let us now illustrate haw this machinery is used by Rothschild-Stein in prov-
ing a priori LP estimates for general Hormander operators. As usual, we will
concentrate on the case of an operator “sum of squares of Hérmander’s vector
fields” (satisfying Hormander’s condition at step s),

q
L=> X]
=1

defined and satisfying these assumptions in a neighborhood of some xy € R™.
We consider the corresponding lifted operator

P=y %
i=1

~ 1
where the {Xz} are free up to step s and satisfy Hérmander’s condition at
i=1

step s in some neighborhood Q = Q x I of (z4,0) € R*™™ = RN (Thm. 2.6).
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Let’s note that if we are able to prove L? estimates for Z, that is
oy < o3 || Zu . 2.3
lezrary < e 2],y + Pillioge | 2.3

for1<p<oo,Q &€, ueC® (ﬁ),where

q q
lullyze = > | ZeZu |+ D[ K], + ullzo
k=1

i,j=1

then we immediately get similar estimates for L, that is the original “unlifted
operators”. Namely, applying the previous estimate to

u(z,t) = f(z)

with f € C* () and recalling that X, f = X, f, we get

1Az < e {IEA gy + 1oy }-

Hence, it is enough to prove (2.3) in the lifted space. Let us consider the
structure of homogeneous group G in RY, the corresponding 1-homogeneous
left invariant vector fields Y; in G and the map ©, (§), defined for &7 in a
neighborhood of £ = (x¢,0), as appear in Thm. 2.8. The operator

is a 2-homogeneous, left invariant, Hérmander operator on G. By Folland’s the-
ory [27], it admits a (2 — Q)-homogeneous, left invariant, fundamental solution
I" smooth outside the pole, such that

L I(v ™ ou) f(v)dv=f(u)
RN

for every f € C§° (]RN ) Starting with I', Rothschild-Stein build a parametriz
for L. Let us consider the kernel

and let us compute

Recall that, by Thm. 2.8,

X [0(8, ()] (&) = (ViT + R{T) (8, ().
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hence

L[F (0, (DI (€) = (LD) (0, (6) + Y (YiR{T + Y;R]T + RIR]T) (8, (€))
i=1

=00 (05 (£))) + (R'T) (6, ()
where §p is the Dirac mass and R" has local degree < 1, therefore, for every
& #n, £ near 7, we have

C _ C
1, (O ple,m?!

that is, (R"I") (©,, (£)) behaves like a fractional (nonsingular, locally integrable)
integral kernel. The above computation contains the basic idea. More precisely,
we need to define the parametrix as

K (&m) =a(§)T (0, (£))b(n)

with a,b cutoff functions, with support small enough so that K (£, 7) is defined
on the whole space (recall that ©, (§) is only locally defined). Then we define
the integral operator

[(R"T) (0, ()] <

Pf<f>=/K<s,n>f<n>dn

and compute, for any test function f, L (Pf), finding (by the above computa-
tion)

LR € =a©F©+ [ Kilen fndn (24)
where K is a suitable nonsingular (locally integrable) kernel, satisfying a growth
estimate like .

Ky (§n)| € ——5—-
p(&m !

Since we would like to have a representation formula of f in terms of L £,
modulo a nonsingular integral operator, we now transpose the identity (2.4),
finding

P (E0)© =@ ©+ [ Ki0n9 f an

Recall that L* = L + (lower order terms). In our sketch of Rothschild-Stein’s
argument we decide to ignore this point and simply write L* = L, hence

O 1O=P (L) © - [ K& £ m)ay (25)

where (exchanging the variables £, 7 in the kernel of P),
P1(E) = [T ©cn)b(e) f ) dn
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We are ready to take two derivatives )N(Z)Z'j of both sides of (2.5). For any &
in a small ball where a = 1, we have

X}'X'jf(f) = )?i)?jp* (Zf> (&) — )?i)?j/Kl (n,€) f (n)dn (2.6)
=1+11.

Let us reflect on the two terms at the right-hand side. The term I is the second
derivative of an integral operator whose kernel behaves like the fundamental
solution I': morally speaking, we should get a singular integral; and this is
actually the case: exploiting again the Approximation Theorem 2.8, one can
prove

XX,P (L7) © = PV [ am) YD) @ BO Lf dnt (27)

+ ¢ (€) (Lf) (&) 4 (remainders) ,

where (remainder) is a fractional integral operator (that is, having a locally
integrable kernel) acting on Lf.

11 = X,X; (S1f) = Xi (Sof).

where the kernel of S; grows like p' =@ while that of Sy grows as p~@: Sy is a
singular integral operator.

The expression X; (Sof) is an unpleasant one. However, Rothschild-Stein
are able to prove that

I = X, (Sof) = Z S (Xk f) +Shf (2.8)

k=1

for suitable singular integral operators Séh), S} of type 1. Proving this relation
of “commutation” between vector fields and integral operators is a heavy part
of the theory, involving long and subtle reasonings.

This, together with (2.6) and (2.7) shows that

RO =50 (E7) (© + e () (E7) (© + 308 (%) + i1
k=1
Finally, taking LP norms of both sides we get
|x:%0 < C{HSO ()], o >[5 (%) |+ IISéfp} .
k=1

Now, suppose we know that operators of type 0 maps L? into LP continu-
ously, then we would conclude

[5x4, < c{HZpr + 2_: | Xes| + ||f||p}

+|Zr©
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and, introducing the Sobolev norms W}Ii(’p (with respect to vector fields),

1l < e{[| 26|, + 1 Iwae + 1710 }

which is (almost) the desired estimate.

2.5 Singular integral estimates

So we are left to check that operators of type 0 are LP continuous. Recall that
these integral operators do not “live” on a homogeneous group but on a (local)
space of homogeneous type, however a particularly simple one, whose structure
can be seen as a small local perturbation of that of G, via the diffeomorphism
u = O¢ (n). Namely, recall that:

p(&n) = [0 )l
with |lu|| & homogeneous norm on G, is a quasidistance, and
|B(&,7)] ~ r? for small .
Moreover, the change of variables
u = B¢ (n)
within an integral, for n fixed, gives
d§ = c(n) (L+ O ([ul)) du

with ¢(n) smooth and bounded away from zero.
Just to give an idea of how these properties simplify the study of operators
of type 0, let us check the cancellation property for the kernel

YiY;T (6, (€)).-

Let us compute

YiY;T () (€)) dE =
Ri1<p(§,m)<R2

letting © = O¢ (1)

- c<n>/ YiY;T (u) (1+ O (|jul])) du =
Ry <||u||<R2

—c) [ YvT@derel) [ VYO (ul)du=
Ry <||u||<R2 Ry <||u||<R2
=A+B.

Now A = 0 by the vanishing property which holds in view of Folland’s study of
the homogeneous fundamental solution I' on homogeneous groups, while

C
Y3Y;T (u) O (Jlul)] < I
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hence a standard computation shows that
B <

uniformly in Ry, Ro. Hence we also have

/ Y:Y;T (O, (€) de| < c
Ri1<p(€,m)<R2

for any Ry > Ry > 0.

The singular integral theory already used by Folland in [27], that is Coifman-
Weiss [25] results coupled with those by Knapp-Stein [36], are still adaptable to
this situation', and LP? continuity of operators of type 0 can be actually proved.
This concludes our account of Rothschild-Stein’s paper.

2.6 Some final comments on the quest of a-priori esti-
mates in Sobolev spaces

Let us point out some points in the paper by Rothschild-Stein which motivate
further research in this field.

1. In contrast with the result proved in the case of homogeneous groups,
here a priori estimates are only local. Proving L” estimates for X;X;u on the
whole R™ for general Hérmander operators is a difficult problem.

2. A priori estimates are stated, in the paper, with the language of regularity
results: “if Lu belongs to this space, then u belongs to that space”, and not
actually writing a priori estimates. If one writes down the results in terms of a
priori estimates, one finds something like:

1wz s < I N onBary + 1 wion ey + 1 (B | -

Now, “taking to the left-hand side” the term ||f||W)1(,p(B2T) is not a trivial task
with these Sobolev spaces. This issue has been addressed and answered many
years later, see for instance the papers [14], [15], [20].

3. So far, the best a priori estimates that we can hope to get on a domain
Q) are something like

1wz gy < € {ILA ooy + 1oy } for @ € 2,

but not for Q' = €. This poses the question of proving estimates near the bound-

ary in Sobolev norms: however, this is a completely open, difficult, problem.
4. No explicit statement is done in [44] about the dependence of the con-

stants. For instance, one could ask: if, for a system (X;){_, of Hérmander’s

1'We have written that the theory is adaptable, not directly applicable to our situation.
Rothschild-Stein [44] just sketch a proof of this adaptation. By now, however, this point is
clearly established on the basis of more recent theories of singular integrals.
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vector fields, we consider an operator

q
LA = Z ainin

ij=1

where A = (a”) _; is a constant, symmetric, positive matrix, so that L
can be actually rewrltten as a Hormander operator, can we say that a-priori
estimates hold with some constants depending on the matrix A only through
the minimum and maximum eigenvalues? The answer cannot easily be read
from the paper [44]. The interested reader can find something more on this
topic in [11, §5.3], [13].

Let us also spend some words about the levels of generality of the researches
about Hormander operators. The three papers by Folland-Stein [31], Folland
[27], Rothschild-Stein [44], besides containing fundamental ideas, results and
techniques which are currently used in the research on this field, are also rep-
resentative of three different levels of generality in the study of Hérmander
operators, which still charachterize the current research:

1) sublaplacians on Heisenberg groups;

2) Hormander operators on homogeneous groups;

3) general Hormander operators.

Each of these environments has its open problems and challenges. Moreover,
there are typical differences in the kind of results which are usually proved in
different contexts. For instance, in homogeneous groups one hopes to prove
global results, while for general systems of Hérmander’s vector fields one usually
confines to local results.

There is also a finer scale of generality which appears in some lines of re-
search: from the less to the more general context one can study Hoérmander’s
vector fields on:

the Heisenberg group H';

Heisenberg groups H";

e groups of Heisenberg type (also called H-groups);
e stratified groups of step 2;

e stratified (Carnot) groups;

e homogeneous (graded) Lie groups;

e Lie groups with polynomial growth;

e general Lie groups;

e general Hormander’s vector fields.
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The possible requirement that the vector fields be free is a further assumption
which can be made both in the context of groups and in the general situation.

Another important difference in generality, which is transversal with respect
to the previous gerarchyzation, consists in studying sum of squares of Hérman-
der’s vector fields or Hérmander operators containing a drift Xy. The possible
presence of the drift Xy can create deep additional problems. By the way I just
mention that Kolmogorov-Fokker-Planck operators, which constitute an impor-
tant motivation for this theory (see for instance [11, §2.1)]), actually contain
the drift.

So far, the literature devoted to general Hormander’s vector fields is consid-
erably narrower than that dealing with Hérmander’s vector fields on some kind
of Lie group, as the literature devoted to Hormander operators (with drift) is
considerably narrower than that dealing with sum of squares.

3 Further applications of the lifting theorem,
and variations on the theme

3.1 First alternative proofs and applications of the lifting
theorem (1970s-1980s)

The paper by Rothschild-Stein is deep, long and not easy to read. One reason
for this is that it actually contains a number of new deep ideas, expressed by
highly technical results. As a consequence, within the proofs many details are
left to the reader. The lifting theorem is one of these new deep ideas, and a result
of independent interest. In the years immediately following Rothschild-Stein’s
paper, several authors have given alternative proofs of it. In 1978 Hormander-
Melin [34], and Goodman [32], independently, presented alternative proofs of
the lifting theorem and a pointwise version of the approximation theorem.

Folland [28], 1977, aiming to present a more transparent proof of the lifting
theorem, actually got a different result. He considered the special case of Hor-
mander’s vector fields defined in the whole R™, whose Lie algebra is nilpotent
and homogeneous, assumptions which are fulfilled for instance by the Grushin
operator. In this situation he proved that the vector fields can be lifted to
(not necessarily free!), left invariant and homogeneous vector fields on a Carnot
group, without the necessity of introducing a remainder. In other words, in this
special case the relation (2.2) simplifies to

Xi (£ (0,()) = (Yif) (8, ().

Moreover, differently from what happens in the case of general Hésrmander vec-
tor fields, Folland’s lifting is global. In [28] Folland’s motivation was more the
simplification of the proof than some new application. As an application, the
Author generalizes an example, due to Baouendi-Goulaouic, of hypoelliptic, but
not analytical hypoelliptic, operator. However, in very recent years, some new
and interesting application of Folland’s lifting theorem has been given by Biagi-
Bonfiglioli [1], 2017, and [2], in the explicit construction of a global homogeneous
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fundamental solution for a class of homogeneous (but not translation invariant)
Hormander operators on R™, therefore generalizing Folland’s result in [27]. We
will give later some more details about these results in §3.2.4.

3.1.1 The control distance

Before going on, we need to recall the definition of control distance induced by
the vector fields X1, Xa, ..., X, in RY. This is a fairly general concept, making
sense for every system of Lipschitz continuous vector fields in a domain Q C R,

For any 6 > 0, let C,, () be the class of absolutely continuous mappings
© :[0,1] — Q which satisty

Then define
d(z,y) =inf{d >0:3p € Cypy ()},

with the convention inf ) = +00. We also define the d-balls
Bx (z,7) ={y € Q:d(z,y) <r}.

Whenever X1, Xo, ..., X4 is a system of (smooth) Hérmander’s vector fields in
Q, then the famous Chow-Rashevskii connectivity theorem assures that actually
d (z,y) is finite for every couple of points. Roughly speaking, this means that
every couple of points in € can be joined by a curve composed of integral lines
of Xl, ...,Xq.

Moreover, for Hérmander’s vector fields one can prove that locally the dis-
tance d satisfies the following relation with the Euclidean distance:

1|z —yl <d(z,y) < colw—yY

where s is the step of Hormander’s condition.

If Xi,Xo,...,X, is the system of generators of a Carnot group, then the
control distance d has several extra properties:
i) d is left invariant:

d(zoz,zoy)=d(z,y) Vz,y,z€RY; (3.1)
ii) d is 1-homogeneous:

d(Dy(z),Dx(y)) = Ad(z,y) Va,y € RNV A > 0;
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iii) since the Lebesgue measure in RY is the Haar measure of G, the volume
of metric balls satisfies the simple relation

|B(, )| = B0, 1)] ¥,

for every x € G and r > 0, where @ is the homogeneous dimension of G;
iv) the function

2]l = d (x,0)
is a homogeneous norm. More precisely, it also satisfies the stronger properties
=74 = ll=]
oyl <zl + llyl - (3:2)

By contrast, we are going to show that for a general system of Hérmander
vector fields, the volume of control balls does not behave as a fixed power of the
radius.

3.1.2 Geometry of control balls and size estimates on the fundamen-
tal solution

The first important application of the lifting theorem, after Rothschild-Stein’s
paper, is contained in the fundamental paper by Nagel-Stein-Weinger [42], 1985.
Let us describe some of the ideas contained in [42].

We begin fixing some notation which will be useful in the following. Let
X1, Xo,..., X4 be a system of vector fields satisfying Hérmander’s condition at
step s in some open connected  of R”. For any multiindex I = (iy, 42, ..., %) of
length |I| = k we set:

X=Xy, Xi,... X5,

and
X[I] - [Xip [Xiz, [XikflaXi ] H .

If I = (1), then
Xy = X, = XJ.

As usual, X|;; can be seen either as a differential operator or as a vector
field. We will write

Xinf

to denote the differential operator Xy acting on a function f, and

(Xn),
to denote the vector field X; evaluated at the point x. By Hormander’s con-

dition, the vectors
{(X[I])z}mgs

span R” for any x € €.
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The main result contained in [42] is an estimate of the volume of metric balls,
that is balls with respect to the control distance, induced by the vector fields
(see §3.1.1). In turn, this study is intertwined to the study of another notion of
distance induced by the vector fields, which we are going to recall.

By Hormander’s condition, the vectors

{(X[I])x}|1|gs

span R" for any = € . Hence for any absolutely continuous curve ¢ : [0, 1] —
Q2 there exist measurable functions {as (¢)};<, defined in [0,1] such that

¢ (t) = Z ar (t) (X[I])Lp(t) a.e. t €[0,1].
[T|<s

With this in mind, we can define the subelliptic metric introduced by Nagel-
Stein-Wainger [42]:

Definition 3.1 For any é > 0, let Cg(cl,), (0) be the class of absolutely continuous
mappings ¢ : [0,1] — Q which satisfy

o (t) = Z ar (t) (Xm)@(t) a.e.

[1]<s
with ay : [0,1] — R measurable functions,
lar (1)) < 811,
p(0) =0 (1) =y.
Then define

dy (z,y) = inf{5 >0:3p € Cg(f; (6) with ¢ (0) =, (1) = y}

Differently from the control distance d introduced in §3.1.1, the finiteness of
dy (z,y) for every couple of z,y € Q (Q open connected subset of R™) is now
obvious. Also d; is a distance.

The idea behind the above definition is the following: to reach a point y
starting from x we can follow any curve we want, but we move faster if we choose
to follow integral lines of the basic vector fields X1, ..., X, (“the highways”) and
we move slower and slower as we follow integral lines of commutators of the
X;’s of higher and higher step (“minor roads”). The distance d; measures the
total time we spend to reach y from z. By comparison, the control distance
d is defined using only “the highways” to connect points, and in that case the
connectivity property is not obvious. One of the deep results proved by Nagel-
Stein-Weinger in [42] is that:

Theorem 3.2 The distances d and dy are locally equivalent:
di (z,y) < d(2,y) < cdy (z,y)

locally.
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Inequality d; (z,y) < d(z,y) is trivial, because any C, , () C Cg(clz), (0).
Inequality d(z,y) < cdi (x,y) in particular implies the finiteness of d (z,y)
(since dp (z,y) is obviously finite), that is the connectivity theorem. In some
sense, this equivalence can be seen as a quantitative version of the connectivity
theorem.

In particular, in order to estimate the volume of the metric balls By (x,r) we
can equivalently estimate the volumes of the balls By, (x,r), which turns out to
be easier.

In order to study the volume of metric balls and other metric properties, it
is useful to exploit suitable coordinate systems.

First, let us recall that the exponential of a vector field is defined, as usual,
as follows: we say that

exp (X) (zo) = f (1)
where f (¢) is the solution to the Cauchy problem

{ () =X
f (0) = Zo

Now, let {(X[I])mo }IeB be a basis of R™ obtained choosing, at the point x,

suitable commutators of the X;’s. Let us consider the map

{ur}rep— = =exp (Z UIX[I]> (20) (3.3)

IeB

defined from a neighborhood of the origin in the R™ space of the variables
{ur};cp to a neighborhood U (zo).

The jacobian of this map at u = 0 equals the matrix {(X[I]) } , which

ToJ1en
is nonsingular since the vectors (X [ I])xo are a basis of R™; hence this map is a
local diffeomorphism, which represents a neighborhood of xy by means of the
canonical coordinates {ur};.z. This coordinate system depends on the choice
B of the basis. Note that, by definition of the distance dj,

lur| < oW1 VI € B= z € By, (20,9).
Hence, to study d;-metric balls, an interesting object is the J-box
{u ER": |ur| < sHIvr e B}
(which also depends on our choice of B). Now, under the exponential mapping
(3.3) the volume of the image of this box should be comparable to

det { (Xin),, }

5!Bl (3.4)

IeB

having set

Bl =" 1.

IeB
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This suggests that, in order to find a sharp estimate of the volume of metric
balls By, (o,0), one has to choose the set B of generators that maximizes the
quantity (3.4). Note that this choice depends both on the center and on the
radius of the ball, which makes very delicate the analysis carried out by Nagel-
Stein-Wainger. Their result is the following;:

Theorem 3.3 (Volume of metric balls) For any Q' € Q there exist con-
stants C1,Cq, 19 such that for any x € Q' and § < ry one has

| Bay (2,9)]

<
0= 30,0

<

where

A@,0) =Y |det {(Xn), } o] 0
B

and the sum is taken over all the possible n-tuples B of multiindices I with
7] <r.

As already remarked, the function | By, (z,d)] is locally equivalent to | By (z, d)].
Henceforth we will simply write | B (x,0)| to denote one of these two functions.

Example 3.4 Let us consider the Grushin vector fields:
X1 =0y X0 =20y in R2.
There are just two interesting choices of B:

= ||

B1=((1),(2) (i.e. X1,X2) which gives |By| =2 and )det {(X[U)}Ielsl

B =((1),(1,2)) (i.e. X1 and [X1,Xs]) which gives |Bz| =3 and ‘det {(Xin)

}1682

The first choice is possible only at points x # 0. Hence, at any point (0,yg) we
will have to choose Bs, getting

det {(X[I])(o,yo)}zeBz

while as soon as we move to (xg,yo) with xg # 0, choosing By (which has smaller
length than Bs) we get

51B2| — 5

s1B! = 6% |wo] .

det { (X[I})(xu,yo) }IEBI

The above theorem states that
4 (53 + 62 |9:\) <|B((z,y),0)] < Cq (53 + 42 \:c|)

with Cq,Cy depending on an upper bound on § and \/x% + y2. In particular,
the balls of center (0,%o) have volume comparable to 5, while the balls of center
(x0,y0) with large xo and small radius & have volume comparable to 62.
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A relevant consequence of the above theorem is the following:

Corollary 3.5 (Local doubling property) For any Q' € Q there exist con-
stants C,rg such that for any x € Q' and § < rg one has

|B (2,20)| < C|B(x,6)]-

Note that, strictly speaking, this does not allow to conclude that (2, d, dx)
is a space of homogeneous type in the sense of Coifman-Weiss (see Definition
1.12). Actually, the above doubling condition holds only locally in .

It is worthwhile to note what happens in the particular case of a system of
vector fields which are free up to step s and satisfy Hormander’s condition at
step s in 2. In this case, if B is a choice of generators such that

det { (X(n),},c5 # 0 (3.5)
at some point z € €2, then this will be true at every point of Q2. Moreover, for a
fixed Q' € Q the function ’det {(X[[])x}les

bounds, hence the function A (,d) will be equivalent to ¢6? for some @ which
is the smallest value of |B| such that (3.5) holds. Therefore:

‘ will have positive lower and upper

Corollary 3.6 (Volume of metric balls for free vector fields) If the X;’s
are free up to step s and satisfy Hormander’s condition at step s in ) then there
exists a positive integer Q and, for any Q' € (Q, there exist positive constants
C1,Cy, 1o such that for any x € Q' and § < ry one has

C169 < |B(x,0)] < 0569,

The last part of the paper [42] applies the previous results to the context
studied by Rothschild-Stein in [44]. Let X, X», ..., X; be any system of Hor-
mander’s vector fields in some neighborhood U of xg € R™; we can consider the
distance d (z,y) induced in U by the X;’s; we will call it dx now, to distinguish
from other distances. Let )~(1, X’g, e )~(q be the free lifted vector fields defined
as in [44] in a domain U = U x I ¢ R"*™ = RN, We can consider the distance
dg defined by the vector fields X, in U. Also, we know that in U there is a
quasidistance p (§,n) = ||©, (§)|| naturally attached to the X;’s, s0 two ques-
tions arise: which relation does exist between dx and dg and between p and
d 7 Nagel-Stein-Wainger prove that:

Proposition 3.7 The distance d5 and the quasidistance p, both defined in sub-
sets of RN, are locally equivalent.

More subtle is the relation between d i and dx, which are defined in subsets
of spaces of different dimensions. First, they prove that

Proposition 3.8 The projection of the metric ball B ((x,t),r) onR™ is Bx (z,r),
which means that

d}? (("E’t) ’ (y,s)) > dX (Z‘,y) .
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It is not possible, however, to prove a control in the reverse sense, at the
level of distances. For instance, a “reasonable” inequality like

dg ((,0), (y,0)) < edx (z,9)

has never been proved. What one can prove is a control (in both senses) at the
level of volumes. This is a deep result, relying on the previous analysis of the
structure of metric balls, and reads as follows:

Theorem 3.9 (Volumes of lifted and unlifted balls) There exists ¢; > 0
such that for any v > 0 small enough and any (z,t) € RN,y € R™ (in the small
neighborhoods under consideration),

|B)~( ((x,t),r)| > ¢y |Bx (z,7)] |{s €R™:(y,s) € Bg ((:U,t),r)}| )

Conversely, there exists § € (0,1) and cg > 0 such that, for any r, (x,t) as
above and y € Bx (z,dr),

|B)~( ((z,t),r)| < c¢9|Bx (z,7)] |{5 €R™:(y,s) € Bg ((.T,t),T)H .

In the above statements, the symbol |-| stands for the full dimensional Lebesgue
measure in any of the three spaces RN, R™ R™,

mN mntm

Bg ((z,t),7)

{seR™:(y,5) € Bz ((z,t),7)} A

R"

The geometric meaning of the theorem is that the volume of the lifted ball
Bz is equivalent to the volume of a “cylinder” having the ball Bx as basis
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and the set {s eR™: (y,s) € B)?} as “height”. However, this equivalence of
volumes is not the consequence of a simple set inclusion, but more the substitute
of such lacking inclusion.

The above theorem is a powerful tool, which helps in deriving estimates in
the original space starting from analogous estimates in the lifted space, where
they are more easily established.

The final result proved by Nagel-Stein-Wainger is a direct application of
Theorem 3.9. Assume we have a kernel k (£,7) in the lifted space, satisfying the
local bound

<ec d)N( ((i,t),(y,s))a
B |B)? ((xvt) ) d)? ((xvt) ) (y7 5)))’

and let us define the “restricted kernel”, obtained from the previous one satu-
rating by integration the lifted variables:

k((z,1),(y,5))

Rie,) = [ k((@.0),0,9) 9(s)ds

for a suitable cuoff function ¢. Then it is not difficult to prove, using Theorem
3.9 and the doubling condition, that

dX (IE, y)a

Rk (z,y) < “IBs (2, dx (z,9))]

Also, if

then
dX (:L', y)aih
|B)? (SC, dx (CE, y)){
The previous general fact applies in particular to the parametrix built in [44]
for the lifted operator, satisfying

& _ df( (("Eﬂ t) s (ya 5))2
|B)~( ((xat) 7d)~( ((:E,t) ) (ya 3))) | .

‘X“XIQX”LR/{I (Jf,y)| S c

I'(© ((z,1),(y,9))) <

Then the function
V@) = [ TO@.0), 090 (s)ds

satisfies a bound )
dX ({E, y)
|Bg (z,dx (z,9))|’

vy (z,y) <c
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and similar bounds hold for the derivatives:

dX (iE, y)2_h

|Bg (z,dx (z,9))|

near the pole. This is what the Authors actually prove. What they claim is that
these bounds apply, near the pole, to the fundamental solution of the original
Hormander operator Y X?. This statement is a bit unsatisfactory, in my opin-
ion. Actually, in [42] it is implicitly understood that we can apply this procedure
to a fundamental solution for the lifted operator, obtaining a fundamental so-
lution « for the original operator. However, in [44] no fundamental solution is
exhibited for the lifted operator, but only the parametrix I' (© ((z,t), (v, s))),
which satisfies a simple bound by the homogeneity of I". Saturating this para-
metrix should produce a parametrix for the original Hérmander operator, and
only with a hard work one could produce, starting with this, an effective funda-
mental solution. If, instead, one starts with an effective fundamental solution
~ of the original Hérmander operator, whose existence is assured by some ab-
stract argument, then one should prove that this v behaves near the pole like
the kernel that we get by saturation.

Apart from the above minor criticism, the idea of exploiting Thm 3.9 to
derive bounds on some kernel obtained by saturating the lifted variables of
another kernel defined in a higher dimensional space, is deep, and has been
fruitfully used also by other authors. We will give some account about this in
§63.2.3-3.2.4.

Let us mention that, independently and almost simultaneously to [42], Sanchez-
Calle published the paper [45], 1984, with the same final goal (local estimates on
the fundamental solution) and also containing theorem 3.9, which is proved by
a completely different method, relying on previous results by Fefferman-Phong.
Sanchez-Calle’s paper does not contain the general study of the volume of metric
balls performed by Nagel-Stein-Weinger. On the other hand, differently from
the paper by Nagel-Stein-Weinger, it contains a construction of the fundamental
solution which is then shown to satisfy suitable bounds.

Let us also mention the paper by Fefferman, Sdnchez-Calle, 1986 [26], which
contains a far-reaching extension of the aforementioned upper bounds on fun-
damental solutions, for general subelliptic operators with nonnegative charac-
teristic form (not necessarily written as sum of squares of vector fields).

|Xi1Xi2"'Xih,Y (Z‘,y)| <c

3.1.3 Jerison’s Poincaré inequality for Hérmander’s vector fields

A second important application of the lifting theorem is contained in the famous
paper by Jerison [35], 1986, where the following Poincaré’s inequality for Hor-
mander’s vector fields is proved: if X, ..., X, is a system of Hérmander’s vector
fields in a domain Q, and B (z,r) denote the balls with respect to the control
distance induced by the vector fields, then there exist constant C,ry such that
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for every x € Q and r < r¢ such that B (z,2r) C Q we have

q
. 2 2 2
min fly)—a dySC’r/ E Xif ()| dy
a€R »/B(a:,r)| ( ) | B(z,r) | ' ( )|

i=1

for every f € C*° (B (m,r)). This result relies both on Rothschild-Stein’s lift-

ing and approximation theorem, and on Nagel-Stein-Weinger results (in par-
ticular, Thm 3.9). Moreover, in order to describe precisely the dependence of
the constants C, rg, Jerison scrutinizes the proofs of these two results, to state
quantitative versions of them.

Let us give some ideas of the strategy of Jerison’s proof. First, the Author
establishes Poincaré’s inequality on Carnot groups. This actually is not too
difficult. Second, the Author makes the following statement. Assume that we
have proved the desired Poincaré’s inequality under the additional assumption
that the vector fields are free. Then, in particular, this inequality holds for the
lifted vector fields X1, Xa, ..., X, in the sense of Rothschild-Stein, that is

9.0~ 2
win [\ -dfazor [ ST an
ack /B@,r) B(gr) ;

with the obvious meaning of symbols. Applying this inequality to any smooth
function f (y, s) which actually does not depend on s we find

q
. 2 2 ) 2
min [ 1f () o dyds < Cr* | o I )P s

B(¢&,r) &r) i—1
which, thanks to Theorem 3.9, easily gives

q

min —al?d Cr2 X, 2
/B(m7r)|f(y) al”dy < r/ Z| F)?dy

a€R B(z,r) ;1

So, thanks to Nagel-Stein-Weinger’s result, the proof is reduced to showing that
Poincaré’s inequality holds for free Hérmander’s vector fields, already knowing
that it holds on Carnot groups. This can be done applying Rothschild-Stein’s
lifting and approximation result, but not easily. Actually, by a clever application
of these techniques Jerison manages to prove the following “main Lemma”:

9.0~ 2
min/~ |f () — af* dn < Cr? </~ > ‘Xif<"7)‘ d77+/~ If(n)lzdn> :
o€k JB(gr/e) B(&.er) i={ B(&r)
for some constant ¢ > 1. In other words, what one gets is a relation similar

to Poincaré’s inequality, but with an “error term” [ B |f (77)\2 dn apparently
bigger than the left-hand side. The redeeming feature of this inequality, however,

is the (possibly small) 72 which multiplies this error term. Thanks to a convering
theorem of Whitney type, then, the error term is eventually adsorbed and the
desired result is proved.
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3.2 More recent variations on the theme and applications
of the lifting theorem (2000s-today)

Here we briefly discuss some more recent extensions or further applications of
the lifting theorem, together with some background and motivation.

3.2.1 A weighted version of the lifting theorem

In 1999 Christ-Nagel-Stein-Wainger in [24, § 22] proved a more general version of
the lifting theorem, because they also consider “weighted” vector fields. Assume
that X1, ..., X, is a system of vector fields in an open set 2 C R", and each
X; has an assigned “weight” expressed by an integer p; > 1. We say that a
commutator [X;, X;] has weight p;, + p;, and so on. Assume that Xi,..., X,
satisfy Hormander’s condition at weighted step s, that is the commutators of
weighted length < s are enough to span R" at every point of 2. Then there
exists an integer N = n 4+ m and lifted vector fields X1, ..., X,

m

)?i =X;+ Zbij (m,t].? ~-'7tj*1) atj

Jj=1

(x € Q) which are free up to weighted step s and still statisfy Hormander’s
condition at weighted step s. The Authors also prove an approximation result.
This more general theorem in particular covers the case of a Hormander operator

with drift,
q
Z X7+ Xo
i=1

where X1, ..., X1 have weight 1 while X has weight 2. (This case is not explicitly
carried out in Rothschild-Stein’s paper, although it is required by their theory:
this is one of the details left to the reader in [42]). In [24, § 22] this lifting
theorem is one of the tools used to prove the LP boundedness of singular Radon
transforms and their maximal analogues. These operators are kinds of singular
integral operators, which however involve integration over a k-dimensional sub-
manifold of R™, varying from point to point, with k£ < n. So, this more general
lifting result is proved for a specific reason, not just for the seak of generality.
We will not get into more details about this.

3.2.2 Another version of the lifting theorem for groups

In 2005 Bonfiglioli-Uguzzoni in [9] proved the following lifting theorem for
Carnot groups. Let Xi,..., X, be the generators of a Carnot group G in R",
which is not free. (The Heisenberg groups H” for n > 2 are an example of
non-free Carnot groups). Then there exists a higher dimensional free Carnot
group G’ in R¥ for some N > n such that the generators X’l, e )?q of G’ are a
lifting of X1, ..., X4. Like for Folland’s 1977 result in [27], here vector fields are
lifted directly to the generators of a Carnot group, without the necessity of a

40



remainder. Hence, this result is not covered by the original one by Rothschild-
Stein. Differently from Folland, here the lifted vector fields are free, and the
starting vector fields are already left invariant. So, this result and Folland’s one
are not comparable. Let us explain the Authors’ motivation for this result.

In the series of papers [6], 2002, [7], 2004, [10], 2007, by Bonfiglioli-Lanconelli-
Uguzzoni, the Authors have deeply investigated the family of operators

q
H=> aj(@.t)X;X; — 0, (3.6)
i,j=1

where X7, ..., X, are the generators of a Carnot group on R", the matrix {a;;}
is uniformly positive on a domain, and the coefficients a;; are Holder continu-
ous. The aim is to build a fundamental solution (heat kernel) of this variable
coefficient operators, and prove that it satisfies sharp Gaussian bounds. This
construction is performed in [7] and, exploiting this heat kernel, in [10] a scale-
invariant Harnack inequality is proved. The heat kernel for H is built by the
parametrix method, starting with the heat kernel of a corresponding constant
coefficient operator

q
Ha= > ajX;X; — 0. (3.7)

ij=1
In turn, to make this construction possible, it is necessary to prove that the
heat kernel of the constant coefficient operator H 4 satisfies uniform Gaussian
estimates, as the constant matrix A = {a,;} ranges in the class A, of matrices

satisfying
q

v]gf < > &g <v! &
i,j=1
for some v € (0,1), every £ € R%. This is performed in [6]. It is also necessary
to show that the heat kernel depends Holder-continuously on the matrix a;;.
Proving this poses a subtle problem, which the Authors overcome in [6], also
exploiting the results in [8], 2004, as follows. The Authors construct a Lie-group
diffeomorphism which transforms the heat operator

q
h=> X} -0
i=1

into the operator Hy in (3.7). The heat kernel I'y of H4 can be expressed by
means of this diffeomorphism and the matrix A in terms of the (fixed) heat
kernel « of h. This explicit relation allows to prove the desired continuous
dependence of I'y on A. But the construction of this diffeomorphism requires
the extra assumption that the Carnot group be free. If the Carnot group is
not free, the Authors apply the lifting theorem in [9] to make the construction
possible. The general case is then reduced to the free one.

We end this survey of this line of research pointing out that all the re-
sults about the fundamental solution and Harnack inequality for operators H
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as in (3.6) have been extended to the case of general Hérmander’s vector fields
(without any underlying group structure) by Bramanti-Brandolini-Lanconelli-
Uguzzoni in [16], 2010.

3.2.3 Nonsmooth Hormander’s vector fields

In 2010 Bramanti-Brandolini-Pedroni in [18] extended the lifting and approxi-
mation theorem to the case of nonsmooth Hérmander vector fields. This result
has its context within a recent new theory which is worthwhile to be briefly
explained here. If

n
i,j=1

(for i = 1,2,...,q) is a system of vector fields defined in a domain 2 C R", in
order to compute their commutators up to some length r it is enough that the
coefficients b;; be (r — 1)-times continuously differentiable. So it is meaningful
to consider a set of vector fields with coefficients C*~! (Q) for some positive
integer s, satisfying Hormander’s condition at step s in €. We will say that
this is a system of nonsmooth (actually, C*~1) Hérmander vector fields. This
is the setting considered in the papers by Bramanti-Brandolini-Pedroni [18],
2010, [19], 2013, and in the paper [17], by Bramanti-Brandolini-Manfredini-
Pedroni, 2017. Actually, to obtain some of the results, this minimal regularity
assumption (C*~!) has to be reinforced to C*~1% for some a € (0,1) or to
C*~b1 (depending on the result).

In [19] a Poincaré’s inequality is proved for a system of C*~1:! vector fields
(satisfying Hormander’s condition at step s), thus extending Jerison’s result in
[35] to the nonsmooth context. (Let us note that a similar result has been ob-
tained, independently and with a different technique, by Morbidelli-Montanari
in [40]). Like in Jerison’s paper, the result is first established for free (but, in
this case, nonsmooth) vector fields, then projected on the space of the origi-
nal variables, thanks to a suitable nonsmooth version of Nagel-Stein-Weinger’s
theorem 3.9, about the comparison of volumes of lifted and unlifted balls. The
required lifting theorem is the one established in [18], under the mere C*~!
assumption, and is an adaptation to the nonsmooth case of the proof of the
(smooth) lifting theorem given by Hérmander-Melin in [34]. Poincaré’s inequal-
ity for nonsmooth free vector fields is obtained with a strategy which is different
from the one used by Jerison, and instead exploits the techniques contained in
the paper by Lanconelli-Morbidelli [39], 2000.

Let us spend a few words also about the approrimation theorem which is
combined with the nonsmooth lifting theorem in [18]. If one tried to apply
the same technique used by Rothschild-Stein directly to the nonsmooth lifted
vector fields, the resulting map O, (§) which plays the role of local coordinates
in which X; is approximated by the left invariant homogeneous Y; would possess
a poor regularity, and would not serve the scope. This forces us to use a two-
step approximation procedure. Assume the vector fields X; have regularity
C*~ 12 for some o € (0,1). Their lifted vector fields X; will have the same

42



regularity. Now, at a fixed point &, take the Taylor expansion of order (s—1)

of the coeflicients of X;, and consider the smooth vector fields Sf having as
coefficients these Taylor polynomials. One can prove that the smooth vector

fields Slg, v qu are still free and satisfy Hoérmander’s condition at step s. By
Rotschild-Stein’s approximation theorem, they are locally well approximated by
the generators Y1, ..., Y, of a Carnot group in the lifted space. Now the X; are

locally approximated by the Sf which in turn are locally approximated by the
Y;. The map ©,, (§) which connects )?l with Y; now has asymmetric properties
with respect to the variables &, n: for 7 fixed, it is a smooth diffeomorphism in
&; but it depends on 7 only in C'*-way.

Besides its role in the proof of Poincaré’s inequality for nonsmooth vector
fields, carried out in [19], this nonsmooth lifting and approximation machinery
has been exploited in [17], in a way that is similar to how Nagel-Stein-Weinger
have employed it in [42]. In [17] the Authors studied the nonsmooth Hérmander
operator

L:zq:Xf+Xo.

i=1

For expositive reasons here we restrict ourselves to the special case

L= quxf.
1=1

Again, it is assumed that for some integer s > 2 and some a € (0,1], the
vector fields X; have C*~1:% (Q) coefficients and satisfy in  C R” Hormander’s
condition at step s. By the nonsmooth lifting and approximation result, we
can build a sublaplacian Y7, Y? on a Carnot group in the space RY = R*tm
of lifted variables, which by Folland’s results possesses a global homogeneous
fundamental solution I'. Let ©,, (£) be the nonsmooth version of Rothschild-
Stein map, as built in [18], and let us define the following kernel, by saturation
of the lifted variables:

P = [ ([ T O @m)oman) o
where ¢ is a suitable cutoff function. Here
§= (177h)a77 = (yak) € RY =R+,

This P (x,y) is smooth in « and only Hoélder continuous in y. It turns out that
P is a parametrix for L and, starting with P, the classical Levi’s parametrix
method allows to build a local fundamental solution « for L, with v and its
first order derivatives (with respect to x) satisfying natural growth estimates.
Requiring one more degree of regularity in the coefficients of X;, that is C*“ (2),
one can prove that -y also has second order derivatives X; X ;v satisfying natural
growth estimates, and a local solvability result for L is proved. This paper is
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the first one where general nonsmooth Hérmander operators are studied, and
is a good example of pushing forward the techniques of Rothschild-Stein and
Nagel-Stein-Weinger.

3.2.4 Homogeneous Hérmander operators

In 2017 Biagi-Bonfiglioli, in [1], considered the class of sum of squares of Hor-
mander’s vector fields X1, ..., X, which are defined on the whole R" and are
homogeneous with respect to some family {dx},., of dilations (but not nec-
essarily left invariant with respect to a group of translations). The simplest
example of this kind is the Grushin operator

L=02, +2%02,

in R2. Other examples are the following:

L R"™ 5)\ q
(02,)% + (25 0,,)? 2 Az, \FF1ay) kE+2
(0y)? + (2100y + 204, + ... + xn_l&cn)z n (Az1, N2T9, -+, A"1,) @
(0p,)? + (xl Oy, + 3 6353)2 3 (Az1, \2mg, A323) 6

By Folland’s lifting theorem in [28], suitably adapted by the Authors, the
operator L can be lifted to the sublaplacian L of a higher dimensional Carnot
group G, which possesses a global, left invariant, homogeneous fundamental

solution I'g (z, k;y,h) = T'g ((x,kj)_l * (y,h)) (here z,y € R", (x,k),(y,h) €
G, k,h € R™ are the variables which are added in the lifting procedure). Then
the Authors prove that the function

Py = [ Te (@0 o w.m) dn

is a well defined, global fundamental solution for the original operator L, enjoy-
ing several interesting properties: it is smooth out of the diagonal, symmetric
in x,y, strictly positive, locally integrable on R™ x R”; it vanishes when x or y
go to infinity; it is jointly homogeneous of degree 2 — g < 0, i.e.

[ (0 (2),0x (y)) = X7 ()
for every A > 0,z # y, where q is the homogeous dimension of R™, that is
n
q= Zoi with dy () = (A7 21, ..., A2y, .
i=1

This paper represents a very interesting application of Folland’s version of the
lifting theorem, proved 40 years before. This result has been extended by the
same Authors to homogeneous heat-type operators

p
> X7 -0,
i=1
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in [2]. Note that, in absence of a group structure, very few global results are
known for Hormander operators, so these works represent a promising line of
research.

Starting with this integral representation of a global fundamental solution
for L, it is possible, in turn, to apply Nagel-Stein-Weinger technique (which in
this situation can be easily extended to a global result) and derive global natural
growth estimates for I'. This has been done by Biagi-Bonfiglioli-Bramanti in [3],
getting the following global bounds:

d(z,y)*"
|Bx (z,d(z,y))]

where Zy, ..., Z, stand for any r derivatives among X, ..., X, with respect to x
or y. Also, if n > 2

|Z1...Z2,T (z,y)| < C

d(m,y)2 d(xvy)z
Bx @d@)] = Y = OB ()]

(when n = 2 the result assumes a more involved form, due to the possibility
of logarithmic growth). These results are an interesting example of application
of the combination of techniques dating to Rothschild-Stein and Nagel-Stein-
Weinger. In the reacher context of homogeneous operators, however, the results
are definetely more quantitative than the oroginal ones: here the fundamental
solution I' is a uniquely defined kernel, the constants depend on a few known
parameters, the estimates hold globally in R"™.

Analogously, Biagi-Bramanti in [4], derive from the integral representation
of the heat kernel of a homogeneous operator » i, X? — ;, natural global
Gaussian estimates.

4 Sketch of the proof of the lifting and approx-
imation theorem

In this last section we will sketch the ideas of the proof of the lifting theorem
following the approach followed by Hormander-Melin [34], 1978; a detailed ex-
position of the arguments of [34] has been presented in the paper [18], where
this approach is adapted to the context of nonsmooth Hérmander vector fields,
and will appear in [13].

Once again, here we restrict ourselves to the case of generators of weight one
(no drift term). We start recalling once more some notation which has been
already used.

Let X, ..., X, be a system of real smooth vector fields, defined in a domain
) C R™. For any multiindex

I = (i1,42, .y ik)
we define the weight (or length) of I as |I| = k. For I = (i1, 42, ..., 1) we set:
X; = Xi, Xi,..X;,
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and
X =X, [Xig, o [ X1, Xa] ] -
If I = (i1), then
Xy = Xi, = X;.
As usual, we will write
Xinf

to denote the differential operator X acting on a function f, and

(Xm),

to denote the vector field X evaluated at the point z.

4.1 Lifting

We are now going to define the concept of free system of vector fields. Actually,
this notion has been already introduced in §2.2; the definition that we will give
in this section is formulated in a more technical way, which actually turns out
to be more useful in the proofs. It can be proved that the two definitions are
equivalent.

Let us start with the following remark. Any vector field X{;; with |[I| < s
can be rewritten explicitly as a linear combination of operators of the kind X ;
for |J]| = |1

X = Z Arg Xy
7

where [A};] \1],1J]<s is a matrix of universal constants, built exploiting only those
relations between X[;) and X; which hold automatically, as a consequence of
the definition of X|jj, regardless of the specific properties of the vector fields
X1, ..., X, In particular, we see that

Ay =0if |J] # 1| (4.1)

and
Ary =651t |J =11 =1.

Example 4.1 For the system {X1, X2} and s = 2 we have 6 possible multi-
indices:
1,2,(1,1) (1,2),(2,1),(2,2).

The only nonzero elements of the matrix {AIJ}HHJ‘SZ are:
A1 =A0=1
An2),a2 =1=A421,021)
Ay =—1=A41)012-
Actually,
X2 = [X1, Xo] = X1 X0 — Xo X1 = X(1,9) — X2,1)-
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Note that if {as} ;.5 is any finite set of constants such that
> arAr;=0VJ, then Y a;X;=0 (4.2)
IeB IeB

for arbitrary vector fields X3, ..., X, since in this case
SUETED DT SRETES o] ot EO)
IeB IeB J J IeB

Reversing this property we get an alternative definition of free vector fields:

Definition 4.2 (Free vector fields) For any positive integer o, we say that
the wvector fields X1, ..., X, are free up to step o at x, if, for any family of
constants {ar} r <,

Z ar (X[I])I:OZ> Z a]A[JZOVJ.
l7<o l1|<o
This definition is consistent with the one previously given.

Example 4.3 (a) In R3,

X, = 8:81 + 2222(%%
X2 = 8352 — 2331813

are free up to step 2 at 0 (Actually, they are free at any point, but for simplicity
we check this fact at the origin). Namely, if

0=a1(X1)y+ a2 (X2)y + a2 (X1, X2])y = 0105, + a204, + a120,,

then a1 = as = a19 = 0.

(b) Instead, in R,

X1 = 0gy + 2220,
Xo = 0y, — 22104,
X3 = Oyy + 2240,
X4 =0y, — 2230,

are not free up to step 2 at 0. Namely,
(X1, Xo] — [X3, X4] =0,

which should imply
An2y,g — Ay, =0VYJ,

while for J = (1,2) we have

Ano),a2) —ABae),a2 =1-0=1
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(c) In R3,

X1 = 11338301 + 23:28303
XQ = 312 — 2:121813

are free up to step 2 at (0,0, 1), for in this case the situation is like in example
(a), but they are not free up to step 2 at (0,0,0), since

(Xl)() =0 but A11 = 1.
We also note the following basic facts:

Proposition 4.4 If the vector fields X1,...,Xq are free up to step o at some
point g, then there exists a neighborhood U (xy) such that they are free up to
step o at any point x € U (xp).

Proposition 4.5 Let Xi,..., X, be vector fields defined in a neighborhood of
xzeR" If {(X[I]>m}\1|<s span R™, then

n < rank [AIJ]\IMJKS :

Moreover, the number rank [AIJ]“I"JKS 18, in any case, an absolute constant
only depending on the numbers q, s.

The last assertion holds since the matrix [A;s] 7 <, only exploits those
relations between X[7 and X that hold automatically as a consequence of the
definition of X7}, hence it only depends on the step s and the number of vector
fields q.

The next proposition contains a deeper property of free vector fields:

Proposition 4.6 Let X4, ..., X be vector fields defined in a neighborhood of the
origin in R™ that are free up to the step o at 0. Then for any family of constants
{c1}11<0 C R there exists a polynomial u in R"™ such that X;u(0) = cr when
1| <o.

The above proposition is perhaps the most technical point of Hérmander-
Melin’s proof of the lifting theorem. Its proof is delicate, and we will just give
an idea of the problem behind it, later.

The next result, instead, contains the main inductive step towards the proof
of the lifting theorem, and it is worthwhile to present its proof in detail.

Proposition 4.7 Let Xy,..., X, be free of step 0 — 1 but not of step o at 0.
Then one can find vector fields X; in R"™1 of the form

~ 0 )
X; =X +u; () En G=1,..,9 (4.3)

with u; polynomial such that
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1. the vector fields )Z'j remain free up to the step o — 1;
2. for every s > o,

dim<()?m)0>|llgs = dim ((X[1) ) 1, +1

where the symbol (Yy,) denotes the vector space spanned by the vectors {Yy : @ € B} .

aeB

Before proving the above proposition, let us show how the lifting theorem
easily follows from it.

Theorem 4.8 (Lifting) Let X1, ..., X, be vector fields defined in a neighbor-
hood of the origin in R™ satisfying Hormander’s condition of step s at x = 0.
Then there exist an integer m and vector fields Xy, in R*"T™, of the form

~ i )
X, =X, + Zukj (w,ﬁl,tg, ...,tjfl) (97
J

J=1

(k=1,...,q), where the uy;’s are polynomials, such that the )N(k ’s are free of
step s and {(X'[I]) } span R™Tm,
0/ I|<s

This theorem has an obvious reformulation at any point x¢ € R™, with the
lifted vector fields defined in a neighborhood of (zg,0) € R™™. Moreover,
in view of Proposition 4.4, both the conclusions of the theorem (freeness and
Hormander’s condition at step s for the lifted vector fields) will hold in a suitable
neighborhood of this point.

Proof of the lifting theorem. Let {(X[I])O}IGB be a basis of R", for some
set B of n multiindices of weight < s. Recall that by Proposition 4.5 we have

n <rank [Ary] 7 5<s =¢(5,9), (4.4)

an absolute constant only depending on s, g.

Now, let 0 < s be such that X;,..., X, are free of step o — 1 but not of
step o, at 0. (If the vector fields X; were already free of step s, there would be
nothing to prove. We also agree to say that the vector fields X; are free of step
0 if they are not free of step 1). We can then apply Proposition 4.7 and build
vector fields

~ o )
X, =X +u;(z) e (j=1,..,9)

in R**1, free of step o — 1 and such that
dim<(i[”)o>mgs = dim (X)) g, + 1=+ 1

(because by assumption the {(X[I])0}|I|§s span R™). Hence the { ()N(m)o}mq

still span the whole space R"*!. Now: either the vector fields {()NC [1])0}| |
I|<s
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are free of step s, and we are done, or the assumptions of Proposition 4.7 are
still satisfied, and we can iterate our argument; in this case, by (4.4), condition
n+ 1 < c¢(s,q) must hold. After a suitable finite number m of iterations,
condition n+m < c¢(s, ¢) cannot hold anymore, and this means that the vector
fields X ; must be free of step s. The iterative argument also shows that the
ug;’s are polynomials only depending on the variables z,%1,%2,...,t;_1. ®

Proof of Proposition 4.7. Let us show that condition 1 in the above statement
holds for any choice of the functions u; (x) in (4.3). To see this, we first claim
that (4.3) implies

= 7]

for any multiindex I and some u; € C* (R"™). Namely, we can proceed by
induction on |I]. For |I| = 1, this is just (4.3); assume (4.5) holds for |I| = j—1.
For |I| = j,1let I = (i, J) for some i = 1,...,q and |J| = j— 1. Then, by inductive
assumption,

ot ot
i)
= [Xi, X] + (Xiwg = Xpjui) 55 =
i)
= X[I] +uy (33) a

Next, we show that (4.5) implies that the vector fields X; are free of step o — 1

at 0. If B
> ar(Ki), =0

1]<o-1

for suitable constants ay, then by (4.5) we have

0
0= E ar <X[1]—|—U,] (x) at) =
0

[1]<o—1

0
— Z aI(X[I])OJr Z aruy (0) e
[I|<o—1 [I|<o—1

Since £ is independent from the vectors (X [1]), » this implies that
Z arjur (0) = O
1]<o—1

and

> ar (X)), =0

[I]<o—1
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But the vector fields X; are free of step o — 1 at 0, hence

Z arAry =0 for any J with |J| <o — 1.
|I|<o—1

Therefore also the vector fields X; are free of step 0 — 1 at 0.

We now show that it is possible to choose polynomial functions u; in (4.3)
such that condition 2 in the statement of this proposition holds. To show this,
we will prove that there exist polynomials u; and constants {a}; <, such that:

Z ar (Xi), =0 (4.6)

|I|<o

and

> ar (i), #0 (4.7)

<o

From (4.6)-(4.7), condition 2 will follow; namely,

0 # Z ar (5(:[1])0 = Z ar ((X[j])0+u1 (0) gt) = Z aruz (0) %: p <

<o [I|<o

with b # 0, hence

and this shows that

<()?m)o>u|gs = <(X[1])o>|1|§s @ <aat> ’

which implies condition 2.

To prove (4.6)-(4.7), we use our assumption on the vector fields X;: since
they are not free of step o, there exist coefficients {a} 7, such that (4.6) holds
but

Z arAry # 0 for some J with |J| < o. (4.8)
<o
It remains to prove that there exist polynomials u; such that (4.7) holds for
these u;’s and ar’s. To determine these u;’s, let us examine the action of the

vector field _ B
Z ar Xy = Z ar Z Arg Xy

1<o <o |J|<o

on the function ¢. For any J with |J| < o, let us write J = (J'j) for some
j=1,...,q. Then

- S - P -
XJt:XJ/th:XJ/ |:<Xj+ujat> t:| :XJ'Uj :XJ/Uj
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since u; does not depend on ¢. We then have:

Z a]j(:m (t) (0) = Z ar Z AIJ (XJ’uj) (0)

I|<o <o |J|<o

where in the inner summation, J = (J'j), with |J'| < o — 1. Since the vector
fields X; are free of step 0 —1 at 0, by Proposition 4.6 for any choice of constants
{cs'}|7/|<o—1 there exists a polynomial u € C*° (R") such that (X u) (0) = ¢,
On the other hand, by (4.8), there exists a set of constants {cJ}NISJ such that

Z Z a,]A[JCJ#O.

lI|<o|J|<o

Setting o =cyifJ = (J'j) and applying ¢ times Proposition 4.6 to the g sets

of constants {cf,,}‘ ‘ ,J =1,2,..,q, we find polynomials u1,...,uq such
J<o—1
that
Z a[jzm (t) (0): Z Z a[A]JCJ#O.
|I|<o |I|<o |J|<o

Hence (4.7) holds. This completes the proof of the proposition. m

Let us now come back to Proposition 4.6. We want to give the reader
an informal idea of the problem involved in its proof, by means of a concrete
example. The vector fields of the Heisenberg group H' are enough to appreciate
the problem. Let

X1 =04 + 2.7328383
X2 = am — 23?1(9353.

Then the system we have to solve is:

X1u(0) =1 O0z,u(0) =1
X5u(0) = c3 Or,u(0) = 3
Xlu(O) = C11 . 0 u(O) = C11

that 1T 4.9
X1X2u (O) = C12 at1s 8219521,1, (0) 23w3u (0) = C12 ( )
XoXqu (O) = C21 8§1x2u (0) =+ 23x3u (O) = C21
X%u (0) = C22 8%2362’& (0) = C22

Now, a naif idea to solve this system (or, to better say, to prove in general the
solvability of such a system) could be to decouple the system into subgroups of
equations, looking for a function u of the kind v = uj +us with u; homogeneous
polynomial of degree ¢ (in the usual sense), u; solving the system of the first
two equations and wus solving the system of the last four equations. Doing so
we would find (due to the vanishing of 9, us (0)) the generally incompatible
conditions
8£II2UQ (O) = C12

8513:2“2 (O) = C21.
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We can see that the system (4.9) is actually solvable, but in order to solve it
we need to choose properly also the value 9,,u (0) which is not determined by
the group of the first two equations. A solution u is the polynomial:

Cco1 — ¢ 1
u (1, T, 23) = clx1—|—02m2—|—<21412) $3+§ [cr1a? + (c12 + ca1) T122 + 2073 -

The reader can appreciate that a symmetry issue arises here: cartesian mixed
derivative commute while mixed derivatives with respect to the vector fields do
not; this seems to threaten the solvabilty of the system.

A second issue is the following. Trying to prove, in the abstract context,
the solvability of the system, we need to exploit the only assumption we have,
namely the fact that the vector fields are free of step o. However, this assump-
tion is formulated in terms of the commutators X|7j, while the system itself is
written in terms of the differential monomials X;. Hence in order to exploit
our assumption we have to reformulate the problem in a way involving com-
mutators. This will be done seeing both the X;’s and the X|7)’s as particular
polynomials in the vector fields. Actually, the proof of Proposition 4.6 exploits
the language of polynomials in noncommuting variables, and a key step in the
proof will consist in proving the symmetry of a suitable j-linear form. We will
not go into further details.

4.2 Approximation

Here we want to describe the second part of the procedure related to the lifting
theorem, that is the approximation of free vector fields by left invariant vector
fields on a homogeneous group. By the lifting theorem (Theorem 4.8), starting
from any system of vector fields satisfying Hérmander’s condition at step s in
some neighborhood of the origin in R™ we can define new vector fields X1, ..., X,
in a neighborhood U of 0 € RN = R™*™ that are free up to step s at any point

of U and such that {(X[I])E} spans RY for any &£ € U. We start with the

[1]<s
following

Remark 4.9 If )}1,...,)?(1 is a system of vector fields in a bounded domain
U C RY, free up to the step s and satisfying Hormander’s condition of step s
in U, then it is possible to choose a set B of N multiindices I with |I]| < s, such

that _
{Xin}
IeB

is a basis of RN at every point & € U.

We assume this set B fixed once and for all.
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For any & € U, let us introduce in a neighborhood of ¢ the set of local
(“canonical”) coordinates

Oz 5 :U(0) CRY - RY (4.10)
Dz 5 (u) = exp (Z UI)?[I]> (€,
IeB

defined for w in a suitable neighborhood U (0) of 0. Note that since card (B) = N
we can represent points of RY as (uz) ;e
Recall that

P () = 2 (e (w %) @)= (%)

hence the Jacobian of the map <I>g 5 at u = 0, equals the matrix of the vector

fields { ()? [ ”)5} and therefore it is nonsingular.
IeB —

This allows to define canonical coordinates in a suitable neighborhood U (f)
of €.

Moreover, since the basis { ()? [ I])g} depends continuously on the point
_ IeB
&, the radius of this neighborhood can be taken uniformly bounded away from
zero for £ ranging in a compact set.

Henceforth in this section, all the computations will be made with respect
to this system of coordinates defined in a neighborhood of the point £ (which
has canonical coordinates u = 0).

From now on we will skip the u superscript from X', recalling that all our
vector fields will be expressed in canonical coordinates and all functions will be
defined in a neighborhood of the origin.

We start with the following:

Lemma 4.10 In the canonical coordinates we have

D updu, = ur Xy, (4.11)

IeB IeB

Since the above relation will play an essential role in the following, we present
its easy proof.

Proof. We start by noting that, if Y = ;s yr (u) 8%1 and Z = ;521 (u) Fur
are two vector fields such that

Z(uy) =Y (uy) for any J € B,

(that is, the vector fields act at the same way on the functions u +— wy) then
yr (u) = zy (u) for any I € B, hence Y = Z. Therefore, it will be enough to

show that
~ 0
ZUIX[I]> (ug) = (Z UI> (ug)
(IEB I€B Ouz

o4



that is

<Z ul)?m> (UJ) =Uuyj.

IeB

Now, for any vector field Y,

Y[ = % (f (exp (tY) (E)))/t:to where £ = exp (toY) (E) .

Hence, if Y =} ;5 uI)N([I], then

(s usia) = (o0 (oo (5w} @)
1eB IeB Jt=to

just by definition of the coordinates wu;

== (twg) jpeyy = -

Definition 4.11 (Weights) ? We assign the weight |I| to the coordinate u; and
the weight —|I| to O,,. In the following we will say that a C* function f has
weight > o if the Taylor expansion of f at the origin does not include terms of
the kind aur, ur, - - uy, with a # 0 and |I1| + |Is|+ ...+ |Ix| < 0. A vector field
Y =35 f10u; has weight > o if fr has weight > o+ |I| for every I € B.

Note that the weight of a smooth function is always > 0, while the weight
of a vector field is > —s, since |I| < s for every I € B.

We want to stress that the definition of weight relies on the canonical coor-
dinates, therefore it depends on the choice of a particular basis B of RY.

The next theorem contains a fundamental piece of information about the
vector fields X[} expressed in canonical coordinates, which parallels the prop-
erties of left invariant homogeneous vector fields on a homogeneous group:

Theorem 4.12 (Weight of a vector field) For every multiindex I, the vec-
tor field X1y has weight > —|I|.

We can now state the approximation theorem for free weighted vector fields:

Theorem 4.13 (Approximation, pointwise version) LetYi,...,Y, be an-
other system of vector fields defined in a neighborhood of the origin using the
canonical coordinates {ur};cp induced by X5 and satisfying

ZUJ&H = ZuIYm. (4.12)

IeB IeB

2We alert the reader that the above convention about weights of functions and differential
operators is the one made in [34], and is different from that made in [27] and [44]: in the last
two papers, the authors assign positive weight also to derivatives.
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Then B
X — Y has weight > 1 — |I|

for any multiindex I with |I| < s. In particular, for I = (i) we have that
X, - Y; has weight >0 fori=1,2,...,q

The above two theorems are the hard core of the approximation result, and
their proofs are hard computations.

Note that Theorem 4.13 actually contains result which is more general than
the original one by Rothschild-Stein, since it allows to approximate the system
of vector fields X, in a suitable coordinate system, by any other system of vector
fields Y; satisfying (4.12).

Nevertheless, what makes this fact really useful is the possibility of choosing
as approximating vector fields a family of homogeneous left invariant vector
fields on a homogeneous group. This requires an abstract construction.

We have ¢ vector fields X1, ..., X, free up to step s and satisfying Hérman-
der’s condition at step s in some domain U of R where the integer N only
depends on the integers ¢, s:

N =N(gs).
We have the following result:

Theorem 4.14 Let N = N (q,s). There exist in RN a system of smooth vector
fields Y1, ..., Yy and a structure of Carnot group G such that:

i) the vector fields Y1,...,Y, are free up to step s in RN and the vectors
q
{(Ym)u}m<s span RY at any point u of the space;

(ii) the Yip’s are left invariant and homogeneous of degree |I| with respect to
the dilations in G;

(iii) if I € B the vector fields Y|) at u = 0 coincide with the local basis associ-
ated to the coordinates uy, that is,

0
(Yin)o = 3,

(iv) the vector field Y|y satisfy (4.12);

(v) in the group G, the inverse u™' of an element is just its (Euclidean) op-
posite —u.

Theorem 4.13 can now be applied choosing the left invariant vector fields
Y7 as the approximating system. The map u = © (1, &) can now be regarded
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as a diffeomorphism from a neighborhood of 7 onto a neighborhood of 0 in the
group G. In other words, © (1,£) is an element of the group G, and one has:

S (6’77) =-0 (7775) =0 (7775)_1 .

Let us give also an idea of how Theorem 4.14 is proved. As anticipated in
§2.3, this requires an abstract construction.

Let g, be the (abstractly defined) free Lie algebra on ¢ generators. For an
integer s > 1, let h5 be the ideal spanned by the commutators of length at least
s+ 1. Then we have:

Proposition 4.15 The quotient g,s = g4/bs is a finite dimensional stratified
nilpotent Lie algebra of step s. More precisely if we let W1 be the span of the q
generators, and Wi be the span of commutators of length I, then we have

9q,s = @ Wy.
k=1

Moreover if k 4+ £ < s then
Wi, Wel = Wiy

while for k+£€ > s
(W, We] = 0.

Definition 4.16 The Lie algebra
fq,s = gq/hs
1s called the free nilpotent Lie algebra of step s with q generators.
On this Lie algebra we can natural define a family of dilations, as follows.

Definition 4.17 Let a € g, and write
S
a = Z Wi
k=1
with wy, € Wy. For every A > 0 let us define the dilation operators Dy
Dy :gqs — 8¢5

Dy (CL) = Z )\kwk.
k=1

Proposition 4.18 The dilations Dy are automorphisms of the Lie algebra gq,s:
for every ai,as € gq,s and c1,c2 € R, we have

D (clal + Czag) =c1D, ((11) 4+ co D)y (ag) (4.13)

and

[Dx (a1), Dx (a2)] = Dx ([a1, az]) - (4.14)
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In the next step we would like to see g, s as the Lie algebra of a homoge-
neous Lie group. In order to understand the problem and identify the candidate
algebraic structure of the Lie group we are looking for, let us reverse our rea-
soning for a moment. Assume we do have a homogeneous group G with group
operation ¢, let g be its Lie algebra and consider the exponential map

Exp:g— G
Exp: X — Exp (X) = exp (X) (0)

Let X,Y € g. It is easy to prove that
exp(Y)(z) =z oExp(Y).
Hence for z = Exp (X) = exp (X) (0) we have
exp (Y)exp (X) (0) = Exp (X) o Exp (Y).

Under suitable conditions, by the Baker-Campbell-Hausdorff formula, there ex-
ists one (and only one) vector field S (X,Y’), computable in some way starting
with X, Y, such that

exp (V) exp (X) (0) = exp (5 (X,Y)) (0) = Exp (S (X,Y)). (4.15)
Actually, BCH theorem states that:
1
S(X,Y) :X+Y+§[X,Y]

+ %2 {1X, [X, Y]] - [V, [X, Y]]}

- 4% {IV X XY+ (XY (X Y]]+
“+oo

=X+Y+Y Cp(X,Y)
k=2

(but the explicit form of this expression is not important).
If we define
XoY=5(X,Y),

then it can be proved that this o is a group operation.
Moreover, by (4.15) we have

Exp(X oY) =Exp(X)oExp(Y),

so that the mapping
Exp: (g,0) — (G,0)

becomes a Lie group isomorphism.
We can now come back to our real situation, where (G, ¢) does not exist yet,
and the identity (4.15) cannot be used. Nevertheless, the group (g4,s,©) actually
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exists and by the previous reasoning should be isomorphic to the desired group
(G, ©). Hence, the path is now drawn: starting with the group structure (g4 s, ©)
in RM, we have to check that this is actually a homogeneous group, we have to
construct its Lie algebra and to check that it is isomorphic to g s.

So, let us start with the free nilpotent Lie algebra g4 s, which can be identified

with RM. Let
—+oo

S(u,v):u—i—v—i—zck(u,v)

k=2

be the formal series involved in BCH formula. Recall that C}, is a homogeneous
Lie polynomial of degree k. In our nilpotent Lie algebra, when k£ > s and
u,v € RM we have Cy, (u,v) = 0 so that we can define

uov:S(u,v):querZCk(u,v).
k=2

Remark 4.19 Let S (u,v) = (S1 (u,v),S2 (u,v), ..., (u,v)). It is a simple
computation to check that every S; (u,v) is actually a polynomial of degree at
most s in the variables u;, v;.

Proposition 4.20 The binary operation
uov =8 (u,v) =u+v+ZCk(u,v)
k=2

and the dilations Dy induce in RM a structure of homogeneous group G. The
inverse of a element u € G is the opposite —u.
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